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1.0 Introduction 


1.1 Background 

High combustion temperatures are required to produce the conducting plasma for 
coal-fired MHO generators. The required combustion temperatures can be obtained 
by enriching the combustion air with oxygen or by preheating the combustion air 
to a temperature of 1640 K (2500 F) or greater in a high temperature air heater. 
High temperature air pre-heating appears to be the more efficient approach. 
However, oxygen enrichment of the combustion air, in conjunction with a more 
moderate preheat temperature, has been identified in several recent conceptual 
design studies, as a technically and economically viable concept for use in 
demonstration facilities and potential early commercial power plants (refs. 
1-3). The use of oxygen enrichment is expected to accelerate d'welopment of the 
MHO combustor, channel, and radiant boiler and help to provide reliable MHO 
technology within a reasonable time frame, while development of the high tem- 
perature air heater is expected to provide the advanced technology to allow 
second generation MHO plants to achieve their full potential. 

Conceptual designs of the MHO Engineering Test Facility (ref. 1) and of poten- 
tial early coiroiercial MHO power plants (refs. 2 and 3) were based on the use of 
metallic tubular heat exchangers, fired directly by the MHO exhaust gas, to pre- 
heat the enriched combustion air. The preheat temperature was limited to 870 K 
(1100 F) for the ETF study and to 920 K (1200 F) in the early commercial plant 
studies. The operating temperature of the heat exchanger metals is limited by 
the highly corrosive MHO gas, which contains coal ash and potassium compounds. 
Early results on metal corrosion in the MHO gas stream (ref. 4) indicated that 
temperatures as low as 700K (800 F) may be required to achieve satisfactory 
corrosion resistance. Thus, the use of directly fired metallic heat exchangers 
for preheating the oxygen enriched combustion air may result in a relatively low 
temperature limit and a correspondingly reduced overall plant efficiency. 

It has been proposed that ceramic heat exchangers could be used to increase pre- 
heat temperature in early commercial plants to 1600*F or higher, with the 
heaters conservatively designed to minimize the risk of operational problems. 
Although ceramics are capable of withstanding very high material temperatures. 
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peering assessment was performed by FluiDyne Enqirieerinq Corporation under sub- 
contract to Burns and Roe, Inc. FluiDyne also conducted a qualitative investi- 
gation to assess the chances in the design and operation of each of the three 
types of heater systems under conditions in which the particulate matter in the 
MHD gas stream entering the heater system would be in the liquid form. The 
results of the work conducted by FluiDyne are presented in sections 2.0 through 
5.0 and Appendixes 0 and E of this report. 

The final phase of this study was a technical and economi • comparison of the 
alternative heater concepts. This was conducted by Burns and Roe, inc. and is 
presented in section 6.0. The major conclusions of the study are summarized in 
section 7.0. Section 8.0 includes a brief discussion of future investigations 
recommended by Burns and Roe based upon the results of this investigation. 
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2.n FIXED BED REGENERATIVE HEATER SYSTEM 

The major design considerations for a fixed bed regenerative heater for the MHD 
intermediate temperature oxidant heater applicaton are discussed below, followed 
by ihe conceptual design and cost estimate. The presented conceptual design 
does not represent an optimized heater system, since tlie level of effort 
required for optimization was beyond the scope of this study. It is felt, 
however, that the design and construction of a fixed bed regenerative heater for 
this application can be accomplished with p.-esently available industrial 
materials and technology. Somewhat different choices of materials and construc- 
tion techniques may result from more detailed studies at the preliminary and 
final design levels, but the basic heater system as presented below represents a 
reasonable design at the conceptual level. 


2.1 D esign Considerations 



The conditions for a fixed bed, periodic flow, ceramic brick regenerative heater 
system for intermediate temperature oxidant heater service represent signifi- 
cantly less severe service than would be experienced by a directly fired high 
temperature air heater. The material and gas temperature levels for the inter- 
mediate temperature MHD oxidant heater are also lower than in conventional blast 
furnace stove systems. Therefore, the conceptual design conforms to blast fur- 
nace stove design practice with appropriate differences to accomodate the unique 
MHD oxidant heater requirements. Information on blast furnace stove practice 
was obtained from Refs. 5 and 6 and from Andco Technical Services, Inc., the 
U.S. licensee of the West German firm of Martin and Pagenstecher . 

Major differences between this application and the blast furnace stove exist due 
primarily to the large particulate loading in the MHD gas stream as well as dif- 
ferent control capabilities and needs. The lack of individual combustors, such 
as exist on blast furnace stoves, and the need to make more frequent load 
changes in a power plant than in a blast furnace make the control problem 
somewhat different. The pressure difference between the oxidant and the MHD 
exhaust gas is comparable to the maximum presently encountered in some modern 
blast furnace stove installations. 
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since the particulate matter In the MHO exhaust gas will consist primarily of 
material condensed from the vapor phase, a fume of very small particles will be 
present. Measurements made by FlulDyne of potasslian sulfate condensed from the 
vapor phase showed an average particle size of approximately 0.3 m (Ref. 7). 
Calculations of seed and slag particle size have also predicted predominantly 
submlcron particle sizes In the downstream components of MHO system (Refs. 
8-11). Slag particle size measurements In a MHO channel (Ref. 12) showed that 
particles which are not vaporized In the channel had diameters on the order of 
1-2 ^m. Thus, all particles present In the MHO gas stream are expected to be 
smaller than 1-2 ^m. The particles are assumed to be In a dry (I.e. 

no.i-sticky) form through the entire heater system. 

The large particulate loading requires that erosion resistant materials be used 
for duct liners and for refractory checkers. Based on a review of erosion con- 
cerns, It was determined that low cost materials suitable for the temperature 
service and having adequate erosion resistance are available for the MHO 

application. 

Much Information Is available on erosion of materials by particles entrained In 
gas flows. Erosion has been studied and tested for various applications since 

the 1940's, Including coal fired boilers (fly ash erosion), catalytic crackers 
in the petrochemical Industry, pneixnatlc solids conveying, dust Ingestion In gas 
turbines, fluidized bed combustors, gas turbines for pressurized fluidized bed 
combustion applications, and coal gasification and liquefaction. Several per- 

tinent articles on erosion were reviewed (Refs. 13-24). 

Most of the available erosion Information Is for metals rather than ceramic 

materials. In general, ductile materials have been shown to have a maximum ero- 
sion rate for Impingement angles of 20-30*, while brittle materials have a maxi- 
mum for an Impingement angle of 90*. However, refractory materials may exhibit 
erosion behavior typical of ductile materials at high temperature, where plastic 
deformation Influences the erosion rate (Ref. 17). Thus, care must be taken In 
Interpreting the results of erosion work for a particular ceramic mate.*1als 
application. 

Erosion tests have shown a threshold particle energy below which measurable ero- 
sion has not occurred. This threshold generally occurs at velocities <200 
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ft/sec. and particle sizes £20 (Ref. 16). Other tests have also ^hown that 
particles smaller than 5-10 do not contribute significantly to erosion 

(Refs. 13-15). Erosion rates measured for refractory materials at temperatures 
up to 1200 < (1700 F) In a pneumatic conveying test showed that inexpensive 
refractory materials can have a high degree of erosion resistance, particularly 
phosphate bonded alumina materials (Ref. 20). 

The materials selected for duct liners and heater matrix materials are expected 
to have sufficient erosion resistance due to the small particle sizes. 
Experience with low cost refractory materials In fluidized bed combustors (In 
which the particle sizes are much larger but the velocities are lower) also sup- 
ports this conclusion. FlulDyne's test work with fluidized bed combustors 
operating at temperatures up to 1170 K (1650 F) has indicated that erosion of 
the refractory insulation In fluidized beds Is not a problem. Erosion p>^ob1ems 
with metallic tubes Immersed in fluidized beds has been reported (Ref. 21), but 
refractory insulation erosion has not been observed. 

A second design consideration related to the particulate loading is the poten- 
tial for accumulation of particulate matter in ducts, valves, and heater flow 
passages. Since the particulate matter will enter the heater In a dry form and 
will consist predominately of snail particles. It Is felt that the particles 
will remain entrained In the gas stream at the velocities determined for opera- 
tion of the heater system. Thus, no special provision are made In the concep- 
tual design to deal with fallout and deposition of particulate matter In the 
heater system. 

The pressure difference between oxidant and MHO exhaust gas will require that 
flow sequencing valves withstand pressures typical of the maximum level for 
modern hot blast valves. T’le heaters will also have to be pressurized and 
depressurized as part of each heater cycle, necessitating additional valves for 
this purpose as are used In blast furnace stoves. Pressurization and 
depressurization valves are Included In the cost estimate, but they are not 
shown In the accompanying figures. Some of the heater valves must also cope 
with particulate matter In the gas stream. These concerns were considered In 
the selection and sizing of valves, and allowance for particulate matter was 
made In calculating leakage through the heatc-r sequencing valves. 


0 


Consideration must also be given to control of the flow and temperature of the 
oxidant leaving the heater system. Blast furnace stove control systems achieve 
uniform hot blast temperatures through a combination of control of the staging 
of the individual stoves, control of the individual stove combustor flows and 
temperatures, and mixing of the hot blast stream with cooler air to moderate 
temperature “droop" which is inherent to periodic flow, regenerative type 
heaters. (Droop is the decrease in fluid outlet temperature from a single 
heater in a system of regenerative heaters during the periodic heating or 
cooling phases.) Some modern blast furnace systems operate with 4-stove systems 
in an operational mode referred to as staggered parallel control. These systems 
are computer controlled to maintain a constant hot blast temperature. The 
constant temperature is obtained by mixing the exiting heated air from 2 stoves. 
The exit temperature for one of the stoves will be higher than the required hot 
blast temperature and for the other it will be lower. As the exit temperature 
for the hotter stove decreases, the amount of flow through the cooler stove is 
decreased. When the exit temperature for the hotter stove is approximately the 
same as the required hot blast temperature, the flow through the cooler stove 
will have reached zero, and another stove will be brought on blast. In addition 
to the computer control, it is necessary that flow control valves be utilized in 
the inlet air streams so that flow rates through the heat exchangers can be 
varied as required to obtain the proper mix to maintain a constant hot blast 
temperature. 

Similar control concepts are envisioned for this application, with the exception 
that variation of the MHD gas and oxidant flows to the individual heaters during 
a heater cycle would not be anticipated. The valves required for the MHD appli- 
cation are not flow control valves; these valves are gate valves which are 
either fully open- or fully closed. Control system hardware was not included in 
the conceptual design, but the manifolds and ducts were sized in order to mini- 
mize maldistribution of flows among the individual heaters. An allowance for 
instrumentation and control equipment was made in the cost estimate. 

2.2 Fixed Bed Regenerative Heater System Conceptual Design 

The heater system process diagram is shown in Figure 1. The oxidant inlet and 
outlet temperatures, the MHO gas inlet temperature, the oxidant flow rate out of 
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MHO GAS IN (S)' 


MHO GAS OUT (8)- 


(6) \ 1(3) 

HEATER SYSTEM 
MATRIX 


(7) 


(2) 


(4) OXIDANT OUT 


(1) OXIDANT IN 


Section Flofw Temperature 


Number 

Fluid 

kg/sec 

(Ibm/sec) 

K 

(F) 

Location 

1 

Oxidant 

234.4 

(516.3) 

513 

(463) 

Entering lieater system 

2 

Oxidant 

233.9 

(515.2) 

511 

(460) 

Entering bottom of matrix 

3 

Oxidant 

233.9 

(515.2) 

1147 

(1605) 

Leaving top-of-matrix 

4 

Oxidant 

230.0 

(506.6) 

1144 

(1600 

Leaving lieater system 

5 

MHD Gas 

330.0 

(726.9) 

1294 

(1870) 

Entering )ieater system 

6 

MHO Gas 

330.7 

(728.5) 

1289 

(1861) 

Entering top-of-matrix 

7 

MHD Gas 

330.7 

(728.5) 

887 

(1137) 

Leaving bottom-of -matrix 

8 

MHD Gas 

334.4 

(736.6) 

883 

(1130) 

Leaving )ieater system 


FIGURE 1. PROCESS DIAGRAM FOR FIXED BED REGENERATIVE 
HEATER SYSTEM 
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the heater system and the MHO gas flow rate Into the heater system ««ere as spe« 
clfled. Flow rates and temperatures Indicated at Intermediate points In the 
heater system in Figure 1 account for heat losses and for mass losses due to 
valve leakage and pressurization/depressurization of the heater system* based on 
the conceptual design configuration. A description of the heater system con- 
figuration* the design approach* and the heater system performance Is glv^n In 
the following sections. 

2.2.1 Heater System Configuration 


The configuration of an Individual heater Is shown In Figure 2 and the heater 
system configuration Is shown In Figure 3. System parameters are summarized In 
Tables I and II. Each heater vessel contains a matrix of refractory checkers. 
The matrix diameter Is 7.9 m (26 ft.) and the matrix height Is 8.5 m (28 ft.). 
The matrix Is supported by metal girders and checker shoes as In conventional 
blast furnace stove construction practice. The checkers are high efficiency 
checkers made of low cost commercial fireclay. One type of checker Is shown In 
Figure 4. Various other checker types could be used without significantly 
changing the conceptual design and cost estimate. Two Internal Insulation 
layers are used, an Inner layer of extra strength fireclay castable for erosion 
resistance* and a moderate temperature Insulating castable. 

The heater system consists of four Individual heaters and the associated ducts 
and manifolds* as shown In Figure 3. Cue to the requirement for large -diameter 
MHD gas manifolds and sequencing valves* central collectors are provided to 
distribute the flow from the main gas Inlet duct to the Individual heaters and 
from the Individual heaters to the main gas outlet duct. These collectors con- 
sist of the upper and lower portions of an Insulated circular vessel. Two ducts 
and two valves are provided for the gas Inlet and outlet to each heater In order 
to limit the valve sizes to the values shown In Table II. Single ducts and 
valves are provided for each vessel for the oxidant Inlet and outlet. 

The MHO gas manifolds and ducts and the oxidant outlet ducts are Internally 
Insulated with the same materials as the heater vessels. The oxidant Inlet 
ducts and manifolds have no Internal Insulation. All vessels* ducts* and manl- 
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fABLE I - FIXED BED REGENERATIVE HEATER SYSTEM PARAMETERS 


CONFIGURATION AND DESIGN PARAMETERS 

Number of Heaters: 

4 

Matrix Diameter: 

7.9 m (26 ft.) 

Matrix Height: 

8.5 m (28 ft.) 

Matrix Material : 

Harbison Walker Bison 

Matrix Hole Dimension: 

33.7 mm (1.328 in. ) 

Matrix Hole Pattern: 

Square 

Matrix Web Dimension: 

21.3 mm (0.839 in.) 

Time on MHO Gas Flow: 

1280 sec. 

Time on Oxidant Flow: 

760 sec. 

Time for Switching: 

360 sec. 

Heater Cycle T ime: 

2400 sec. 

Thermal Stress Limit: 

8.6 MPa (1250 psi) 

MHO Gas Velocity: 

27.4 m/sec (90 ft/sec) 

Top of Matrix) 


SYSTEM PERFORMANCE PARAMETERS 

— 

MHD Gas Pressure Loss: 

3.6 kPa (0.53 psi) 

Oxidant Pressure Loss: 

11.7 kPa (1.7 psi) 

System Heat Loss: 

4,8% of Heat Duty 


Estimated Oxidant Mass Loss 

to MHO Gas: 4.5 kg/sec (10,0 Ibm/sec) 

Estimated Carryover of MHD I 0.4 kg/sec (0.9 Ibm/sec) 

Gas to Oxidant: I 




TABLE II - FIXED BED REGENERATIVE HEATER SYSTEM DUCTING AND VALVE CONFIGURATIONS 



Main MFC Gas Inlat Duct 

Caotral Collactor - *♦<) 

Gas In 

MFC Gas Inlat Manifolds - 
from Cantral Collactor 

MFC Gas Inlat Ducts - to 
Haatar vassals 

Main MHO Gas Outlat Duct 

Cantral Collactor - F*C 
Gas Out 

FH) Gas Outlat Manifolds - 
to Cantral Collactor 

MFC Gas Outlats Ducts - 
from Flaatar Vassals 

Main Oxidant Inlat Duct 

Oxidant Inlat Manifolds 

Oxidant Inlet Ducts - to 
Ftaatar vassals 

Main Oxidant Outlat Duct 

Oxidant Outlat Ducts - 
from Haatar vassals 


Flow 

Olamatar 
m (In.) 


S.6B (223.9) 


8.78 (549.5) 


3.85 (151.5) 


2.63 (103.5) 


5.79 (228.0) 


8.89 (350.0) 


5.23 ( 127.0) 


2.21 (87.0) 


2.97 ( 101.25) 


1.66 (65.25) 


1.21 (47.5) 


2.45 (97.5) 


1.65 (65.0) 


No. 

of 

Valvas* 



* Valva flow dlamatars and Internal Insulation thlcAnassas sania as for corresponding ducts. 
1 

High Strength f aclay Castable (KS-4) 

2 

Insulating Castable (C-20) 

5 

Calcium SI I Icate 
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folds are covered with external Insulation. The sizes and insulation 
thicknesses of the various ducts and manifolds are summarized in Table II. 


The heater system configuration offers both compactness and flexibility. The 
MHD gas central collectors minimize the length of large diameter ducts. The 
symmetry of the vessels and collector connections will promote uniformity of 
flow to the individual heaters. Also, because of symmetry and compactness, ther- 
mal expansion is readily accommodated. Expansion joints on the ducts will 
experience smaller movements than if the vessels were aligned in a single row. 
The MHD gas and oxidant inlet and outlet lines can be arranged in virtually any 
directions. Therefore, the heater system can be connected to adjacent MHO 
system components arranged in a variety of possible positions and is thus not 
limited by layout considerations. 

In the individual heater configuration, it should be noted that the vessel ple- 
nums are quite compact, i.e., special transition sections on the heater vessels 
are not required in order to make the gas and oxidant duct connections. For 
higher temperature applications with thick insulation layers, the presented 
plenum-to-duct intersection would result in a complex refractory installation 
requirement. In this instance, however, the use of moderate thickness castable 
ard metallic anchors does not require extensive and expensive molds and 
installation procedures. A secondary advjntage of the compact vessel plenums is 
a reduction of pressurization/depressurization volume. Flow maldistribution 
within a single heater can be minimized by appropriate design provision during 
final design. The small pressure losses in the heaters and ducting and the 
small length/diameter ratio of the heater matrix are factors which must be con- 
sidered in addressing this question. The use of two MHD gas inlet ducts will 
promote uniform gas flow. 

The heater concept has two MHD gas inlet and outlet ducts per vessel. However, 
single ducts can readily be incorporated into the design. The main ducts would 
be rotated by 45* and the secondary "tee" ducts would be eliminated in such ah 
arrangement. A single large valve may be less expensive and have less leakage, 
but the availability of such large valves is uncertain. The primary limitations 
in production of large diameter valves are due to machining the valve seats and 
shipping of the valves. 
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The system would be field fabricated because of the size of the primary heater 
system components. The techniques and procedures are well established from 
experience with blast furance stoves or other established Industrial applica- 
tions. All aspects of the heater design and Installation are achievable with 
currently available technology. It Is felt that lifetimes on the order of 15-20 
years for the refractory checkers and vessel and duct linings and 10-15 years 
for the sequencing valves should be achievable under the conditions of this 
I application. 

Details of major heater system components and operation and performance of the 
heater system are discussed In the following sections. 

2.2.2 Design Approach 

A description of the design considerations used to develop the conceptual design 
for the major heater system components Is given In the following paragraphs. 

Sizing Methods 

The heater system was sized by using the FlulDyne regenerative heater system 
size/cost computer program. This program permits rapid and effective sizing In 
a manner that allows full consideration of the various design considerations and 
design constraints. This program has been used extensively for regenerative 
heater design and design studies for both the DOE and commercial organizations 
for MHD and conventional applications. Results from this program have been 
verified by comparison to size predictions made by other methods and by other 
organizations. 

Using the size/cost program, the unique matrix dimensions are determined by the 
thermal performance requirements and design constraints (fluid pressure loss, 
allowable thermal stress, ratio of vessels on gas to vessels on oxidant, and 
allowable temperature droop) at a given design condition and for given matrix 
geometry and material specifications. Additional design considerations such as 
bed diameter, bed height, creep limits, solid temperature limits, erosion, and 
flota*^ion (I.e, buoyancy) restrictions are accommodated In an Interative manner 
with user Interaction, m proprietary algorithm is used based on a longstanding 




I 
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KlulDyne technique for obtaining regenerator sizes using approximate algebraic 
sizing equations in conjunction with a rapidly converging finite difference size 
confirmation routine. 


It is possible to derive simplified approximate algebraic equations for the 
required thermal conductance and for thermal stress during cold blow, as well as 
a droop/cycle-time equation from the regenerator differential equations. These 
simplified equations plus the hot and cold fluid pressure loss equations and a 
semi-empirical regenerator thermal conductance correction equation are suf- 
ficient to describe the regenerator. 


I It is assumed that for the rough surfaces of the cored brick flow passages, the 

friction factor f and the convective heat transfer coefficient j can be ade- 
quately expressed as power functions of the Reynolds number Re; i.e.,: 

I 

I a. f « f^ Re” (friction factor) 

I 

I 

j b. j - j^ Re'" (Colburn modulus of heat transfer) 

[ It is then possible to write the three constraining algebraic equations in terms 

of three unknown geometric parameters defining the matrix volume. Bed length, 
j total system hot fluid flow area, and total system cold fluid flow area are used 

I in the computer program as a matter of convenience. These total system flow 

areas are the time averaged sums of the nunber of heaters on hot or cold fluid 
I multiplied by the flow area per heater. The three equations containing three 

unknowns can be combined algebraically to yield o four term polynomial of one 
I unknown variable. The polynomial is unique for each possible set of three 

design constraints. Second order effects such as heat loss, gas and particulate 
radiation heat transfer, entrance and exit pressure losses, and flow accelora- 
I tion are included in the performance equations as secondary terms. These terms 

' are corrected and improved with each calculation iteration. The polynomial can 

be explicitly solved for the case when hot fluid pressure loss is the limiting 
parameter for fixed ratio of hot to cold vessels. In other cases, the first 
positive root of the polynomonal is the physically real solution and it is found 
using a standard numerical analysis algorithm. For this application, the MHD 
gas pressure drop and the matrix web thermal stress were the limiting parameters 
in determining matrix size. 
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Additional Iterative loops are used to establish the cycle time and to correct 
the calculations If the simplified algebraic equations no longer closely 
approximate the heater behavior. Establishing matrix volume also fixes matrix 
mass which In turn establishes the cycle time required to give a specified rege- 
nerate* droop. Having the mass and droop, the semi -empirical thermal conduc- 
tance correction equation can be applied os needed. If the deviation Is beyond 
the specified tolerance, the required thermal conductance Is corrected, leading 
to a further Iteration through the sizing algorithm. This Iteration Is always 
done at least twice to provide assurance that the second order effects are ade- 
quately accounted for in the governing equations. 

Finally, because the sem1-emp1r1cal corrector Is valid over a 'Inite performance 
range, the "final" Iterative loop uses a finite difference performance predic- 
tion algorithm. The loop Is repeated until mean delivered oxidant temperature 
and oxidant droop converge to vlthln a specified tolerance. 

Once matrix sizing Is completed, a complete thermal/hydraulic description of the 
system is generated. The gross volume is divided Into a discrete number of 
vessels and dimensions are computed. The total system matrix mass Is adjusted 
to allow for Switching from gas to oxidant. 

The basic size and performance Information from the computer program were used 
to generate the heater system layout. Costing algorithms In the computer 
program are also used to predict the cost of the entire heater system, but the 
cost estimate for the system presented herein was manually generated as 
described In Section 2.3. 

The heater design basis was also confirmed by using one of several FlulDyne per- 
formance simulation computer programs. The version used provided temperature 
response for a heater system of Identical vessels. The selected program also 
provided information on matrix cyclic thermal stresses and the matrix/wall 
Interaction. A program designed to simulate a highly Interactive system 
(Including flow redistribution, duct capacitance, etc.) Is available, but Its 
usage was beyond the scope of the current effort. 
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Number of Heaters 

Regenerative heaters up to 10.4 m (34 ft.) in diameter are state-of-the-art in 
high temper* re industrial applications. The orimary limitation is due to 
vessel dome construction and pressure containment. For this application the 
^ dome construction is simplified because the 1294 K (1870 F) hot gas inlet tem- 

perature is low enough that castable refractory .insulation with metallic 
anchoring can be used. The oxidant pressure level of 6 atm is also modest. 
Therefore. »i‘e number of heaters was not constrained by vessel diameter limita- 
tions. 

The number of heaters was, therefore, selected by layout and valve size consid- 
erations. Two valves were used for each vessel for both the MHO gas inlet and 
outlet. The 2.7 m (9 ft.) diameter inlet valve for the MHO gas is near the 
upper limit for manufacturing without de' elopment of a very large milling 
machine to produce the gate valve seats. Given four heaters with paired hot 
gas valves, the system laj^ut shown in Figure 3 was developed. 

Extensive optimization of the number of heaters was beyond the scope of the con- 
ceptual design, but it is believed that any effect on total estimated system 
cost would be smal 1 . 

The ratio of time averaged number of heaters "on gas" to those "on oxidant" was 
determined by the design requirements. There are approximately 2.1 heaters "on 
gas," 1.3 heaters "on air," and 0.6 heaters "on pressur i zat ion/depressur i zat ior" 
on a time averaged basis over a full heater cycle. 

Matrix 


The matrix material is a coonercial firec’ay pioduct (Harbisan-Walker "Bison"). 
This is a low cost material rater" for moderate temperature applications which 
offers a particularly good compromise between base material cost and ther- 
mophysical properties. This is illustrated in Table 111, in which material 
parameters for a number of potential matrix materials (both production and 
experimental) are compared. 
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TABLE III - candidate FIXED BED REGENERATIVE HEATER SYSTEM MATRIX MATERIAL 
THERMAL STRESS AND ENERGY STORAGE PARAMETERS 



Norton AH 199B 
HW Mulllte 
HW Silica, Vege 
HW Ufala 
HD Fireclay 
Rebonded X-317 
Green 

Valentine XX 

HW XD Mullite 

HW SD Fireclay 

Carborundum 
Monofrax A 

Carborundum 
Monofrax K3 

HW Ruby 

HW Bison 


(3100) 

(2500) 

(2800) 

(2400) 

(1800) 

(2250) 

(2650) 

(2050) 

(3350) 


1.20 ( .63) 2.7 

2.37 (1.25) 2.3 

1.61 ( .85) 2.6 

3.68 (1.94) 2.1 

.27 ( .14) 3.2 

4.35 (2.29) 2.5 

.95 ( .50) 2.6 

2.01 (1.06) 2.3 

.09 ( .05) 3.6 


(3250) .0111 (.0107) .11 ( .06) 5.7 

(3150) .0212 (.0204) .65 ( .34) 3.4 

(2200) .0123 (.0118) 3.42 (1.80) 2.7 


* For macrix application - no slag attack - 
load assumed to be 0.2 MPa (30 psi) 


a E 

(j (i-j/i 
^MOR 

c/unit cost 











Three parameters are shown in Table III: 

thermal stress parameter = E 

^MOR (l-^)k 

energy/cost parameter = c 

UC 

energy/volume paramter ~pc 
where Of = coefficient of thermal expansion 
E * modulus of elasticity 

^MOR = modulus of rupture 

P = Poisson's ratio 

k = thermal conductivity 

c = specific heat 

P = density 

UC = unit cost. S/mass 

A low thermal stress parameter is desirable since thermal stress tends to be 
design limiting, i.e., the allowable thermal stress limits the maximum cold 
fluid heat transfer coefficient. The energy/cost parameter should be high since 
it is an indication of the amoiint of energy that can be stored per unit cost of 
matrix material. The energy/volume parameter should be high since it is an 
indication of the amount of energy that can be stored per unit volume which in 
turn affects containment vessel costs. Other factors which must be considered 
in selection of a matrix material include corrosion/erosion resistance, crushing 
strength, service temperature limits, and any unique properties of particular 
materials. 
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Based on Table III, a likely candidate is high duty fireclay. However, this 
material has a maximum service temperature of only about 1256 K (ISOO F). 
Allowing some margin of safety, high duty fireclay could be used in the part of 
the matrix with maximum temperatures less than 1140 K (1600 F). This would be 
recommended for consideration in a more detailed design study. Two other likely 
candidates from Table 111 are high silica, "Vega," and semi-silica "Valentine 
XX." These materials have unique properties that result from the silica content. 
One of these properties is the coefficient of thermal expansion which is unu- 
sually high over a specific temperature range. As a consequence, special design 
and operating provisions would be required during startup and shutdown if these 
materials were used. Of the remaining materials. Bison was selected as a good 
coimercially available material that meets the design criteria. This material 
has a sufficient service temperature rating and crushing strength and is also 
expected to have sufficient corrosion and erosion resistance in this applica- 
tion. Other materials not shown in Table 111 would also be suitable, and should 
be considered in the final design phase. 

The heater matrix refractory shape is a high efficiency checker variously known 
as a Kennedy, Bailey, or Andco checker. This is a simple, "compact" checker 
commercially available in production quantities. This checker has square holes 
nominally 33.7 mm (1.328 in.) on a side and 21.3 mm (0.839 in.) ligaments or 
webs. The checker arrangement for a regenerative heater application is 
illustrated in Figure 4. A comparible checker can be obtained from several 
manufacturers. 

Several other checxer shapes would also be suitable for use in the heater 
system. Modern blast furnace stoves typically use interlocking checkers, such 
as the M and P checker recommended by .Andco Technical Services, Inc. Such 
checkers are available with circular holes of 36 mm (1.417 in) or 40 mm (1.575 
in) diameter. The selection of a different high efficiency checker shape will 
not significantly alter the heater system dimensions or the performance as 
determined for the conceptual design presented herein. 

The selected matrix represents a conventional design. Furthermore, both the 
material and the hole pattern are compatible with the particulate bearing hot 
gas stream. Departure from the proposed matrix to a more compact design, such 
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as one with 19 nm (3/4 in.) diameter holes and 9.5 nun (3/8 in.) webs is 
roncei vable, but could result in fabrication risks and fouling risks. 
Development vvork could then be required to reduce these risks. 

Allowable Thermal Stress 


Tensile thermal stresses are developed due to the temperature gradient induced 
in the matrix material when the cold oxidant flows through the matrix. A maxi- 
mum allowable thermal stress level, based on a theoretical elastic model, was 
imposed to Insure that cracking of the matrix bricks will not occur. The nomi- 
nal allowable thermal stress that was used was 8,6 MPa (1250 psi), which is one- 
half of the modulus of rupture (MOR) of the matrix material at room temperature. 
This value is expected to be valid over the temperature range encountered in 
this application. The design was thermal stress limited; this means that both 
the cold side mass velocity and the amount of pressure loss that could be used 
to promote heat transfer were limited by the allowable thermal stress. 
Additional work will have to be done in the preliminary or final design stage to 
provide assurance of acceptable flow distribution within the heater matrix 
because of the relatively low cold fluid pressure loss (11.7 kPa, 1.7 psi) as 
well as the small length/diameter ratio of the matrix. 

Pressurization/Depressurization 

In a regenerative heater system a portion of the total cycle time must be used 
to provide time for valve movements and to switch from one fluid to the other at 
a suitable pressurizat ion/depressur ization rate. Fired applications such as 
blast furnace stoves provide flexibility because the firing rate and duration 
can be independently controlled. In a MHD plant all of the hot gas must flow 
through the system at a continuous rate. Therefore, additional matrix is needed 
in direct proportion to the fractional time that is allocated for vessel 
switching. An equivalent of 0.6 heaters or 15t of total matrix mass is attribu- 
table to switching. 

The allocation of switching time is somewhat arbitrary at the conceptual level 
of analysis. More detailed analysis and design work could lead to a reduction 
of this "unproductive" heater volume. It is unlikely, however, that the 
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illowance could be reduced by any more than a factor or two. The major facto s 


Involved are: 


1. Valve cycling frequency; 

2. Pressurization/depressurization valve type and size; 

3. Allowable system temperature, pressure, and flow variations and 

4. Matrix mass per unit of heat transferred. 


Thermal Insulation 

,he service tempera, ure is moderate so that the vessel and duct insuia- 

tion scheme is s.raiohtforward. Inexpensive. hi,hiy thermal resistive c stab 
refractor, attached b, metallic anchors can be used. The ft^ 

insulatio sitino mas a nominal surface heat flu. of 1.T40 h/m^ (4?6 Btu/hr f ) 
or an outer shin t^pera.ure of approximate!, 340 K (»0 F). . nominal stee 

vessel temperature of 480-530 K (400-500 F) -as desired to prevent ^ 

to NO or SO species. External insulation was specified in order to maxnt in 
the n^essar; steel vessel temperature. A liner usino a hien s-e-tyirecW 

castable was selected to provide erosion resistance. . c "<■ 

,j 5 in 1 was selected as the minimum for simple installation procedures, - ere 
appropriL. a second insula, inn layer of the eouivalen. of Harbison Walter 
Castable ?n was used to reduce total insulation costs. 

castable insulation is generally not used in blast furnace 

castables have found extensive application in the chemical process industries^ 
castable refractor, insulation will reouire provision for thermal expansion 
avoid crachinu. In industrial applications such as secondary amnonia re rm 
(Pef. ?51 daps are t«iicall, produced by castin, or 4 U ""'"4 the liner ma e 
i„ sections and by coverin, the metallic anchors with combustible material 
upon initial firinu of the structure the material ■•burns out." and produces ,ap 
When the structure is cold. When heated to operatin, temperatures, the aos 
close to maintain insu,.ltion inteqrity. If the part icul ate-laden ,as only flow 
tbroudh the vessel while it is hot. there will be little, if any. tendency for 
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ratcheting to occur. Ratcheting in this context results from repetitive cycles 
where particulate material fills the qaps, restraining thermal movement and 
causing a progressive increase in gap dimension leading to refractory failure. 
It is not anticipated that this will occur in this application. However, as a 
contingency, a brick type structure could be considered in the final design with 
a corresponding cost penalty. Brick type linings are recommended by blast fur- 
nace stove manufacturers. 

The types of insulation and the thicknesses of the insulation layers in each 
section of ducting are indicated in Table II and Appendix 0. Only the air inlet 
manifold and ducts were not internally insulated. If, however, the hot gas 
outlet temperature were reduced by either increasing the oxidant outlet tem- 
perature or by bypassing a fraction of the hot gas stream and thus reducing the 
flow of MHO gas through the individual heaters, the gas outlet piping and the 
lower vessel plenum might also require only external insulation. This would 

result in an insulation cost savings. However, bypassing part of the MHO gas 
would increase the control needs and costs. 

The total estimated heat loss for the heater system is 4.8t of the heat duty. A 
heat loss vs. system cost tradeoff was not made because of the limited scope of 
this study. Optimization would have a minor effect on total system cost. 

2.2.3 Heater System Operation and Performance 

The full-load operation and performance of the heater system as configured in 
the conceptual design is discussed in this section. 

Table IV indicates major events for a single heater as a function of time over 
one complete cycle. Each of the four heaters follows the same sequence of 
events, but the heater operations are staqqered in time by 1/4 of a cycle. The 
timing diagram. Figure 5, shows the relationship of the operating sequence for 
the four individual heaters. 

Assuming identical heater performance and instantaneous valve movements, the 
flow per heater vessel as a function of time is as shown in Figure 6. This 
flow function yields the predicted single heater fluid outlet temperatures 
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TABLE IV - FIXED BED REGENL.vATIVE HEATER SYSTEM 
(SINGLE HEATER UNIT) 


Event 

Starting 
Time, Sec. 

Interval , 
S'iC . 

Air valve opening, half to full 

0 

10 

"on air" 

Air valve full open 

10 

750 

Air valve closes 

760 

20 

Depress, valve opens 

780 

7 

Depress, valve full open 

787 

112 

Depress, valve closes 

899 

7 

Gas valve opening, to half 

906 

22 

Gas valve opening, half to full 

928 

22 

"on gas" 

Gas valve full open 

950 

1258 

Gas valve closes 

2208 

44 

Press, valve opens 

2252 

7 

Press, valve full open 

2259 

124 

Press, valve closes 

2383 

7 

Air valve opening, to half 

2390 

10 

Air valve opening, half to full 
Cycle Repeats 

0 

10 
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over a cycle as shown in Figure 7. Using this data in conjunction with the 
system timing diagram yields the estimated heater system oxidant and combustion 
gas outlet temperature functions as shown in Figure 8. Note that these calcula- 
tions do not include any allowance for control, differences in individual heater 
conditions, or flow passage capacitance. Additional typical single heater per- 
formance data are given in Figures 9 and 10. Figure 9 provides the end-of-phase 
axial matrix temperature distributions as a function of bed height. Fi-'ure 10 
provides matrix and liner radial temperature profiles at several axial loca- 
tions. The effects of heat loss and matrix/liner thermal interaction have been 
included in these calculations. 

Ripple 


Predicted heater system oxidant and MHO gas outlet temperatures are shown in 
Figure 8. The saw-tooth profile is characteristic of regenerative heaters. The 
timewise variation in temperature is known as ripple and is caused by the tem- 
perature droop of the individual heaters. The oxidant ripple can affect com- 
bustor and channel performance, and could, conceivably, feed back into the 
heater system. The hot gas ripple could thermally cycle downstream components. 
The temperature ripple is strongly linked to: 

1. Number of heaters; 

2 . Matrix mass required to accommodate switching; and 

3. Matrix mass per unit of heat transferred at fixed flows and inlet 
temperatures . 

The latter is, in turn, strongly linked to matrix material properties, checker 
selection, and required thermal performance. 

The oxidant temperature ripple predicted for the presented conceptual design 
amounts to a total peak to peak variation of 80 K (140 F); i.e., the outlet tem- 
perature varies by ^ 40 K (70 F) about the average value of 1144 K (1600 F). A 
system with a higher delivered oxidant temperature and a smaller ripple could be 
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configured with the same Inlet gas temperature, as discussed below. The ripple 
can also be reduced for the same oxidant temperature level by reducing the cycle 
time; this would reguire a larger number of vaWe cycles In a year and thus 
would Increase valve wear. 

H eater System for Increased Oxidant Temperatur e 

The presented design has a modest bed height (8.5 m or 28 ft.), and the vessel 
cost represents a relatively small portion of th-j heater system cost. 
Therefore, it appears reasonable to consider a design yielding an oxidant tem- 
perature at the heater system outlet as high as 1214 K (1725 F). To this end. 
Fig re 11 was prepared showing relative vessel cost as a function of delivered 
oxidant temperature. The MHO Gas inlet temperature and the number of heaters 
were held constant In developing this Information. As the oxidant thermal 
effectiveness Increases, i.e., as the temperature Increase of the oxidant In the 
heater system more nearly approaches the difference between the MHO gas Inlet 
temperature and oxidant inlet temperature, the reguired heat transfer area 
Increases proportionately more than the oxidant temperature. Thus, the matrix 
mass per unit of heat transferred Increases and the decrease in outlet tem- 
perature In a given time interval (droop) decreases. One can then choose either 
to allow the cycle time to Increase or to reduce the Individual heater droop and 
thus the heater system ripple. In developing the data in Figure 11, the cycle 
time was held nearly constant and the ripple was allowed to decrease. For this 
reason, ripple is also plotted as a function of delivered oxidant temperature. 

An Increased oxidant temperature will improve MHD plant performance. For 
example, information f'-om the NASA Lewis Research Center indicated that an 
increase in oxidant temperature from 1144 K (1600 F) to 1214 K ( 1725 F) would 
increase overall MHO plant efficiency by approximately 0.4 of j percentage 
point. Increased oxidant temperature alsc offers the possibility of decreasing 
the temperature ripple with bypass oxidant flow in order to achieve a more 
nearly constant Oxidant temperature if this is desirable. 






A contini'ous bypass of a fraction of the MHD gas stream could be beneficial. 
Although the required matrix mass would increase, the cross-sectional areas of 
the MHO gas ducts and valves and the maximum bottom-of-the-bed solid temperature 
(and thus the bed support temperature requirement) would decrease. For example, 
bypassing 30X of the MHD gas could result in a maximum bottom-of-the-bed solid 
temperature of 617 K (651 F). Increasing the oxidant temperature as suggested 
above would also reduce the maximum bed support temperature requirement. 

Control Considerations 


Design of the regenerative heater control system and the MHD system controls 
required by the regenerative heater system lequires data that is not available 
on a conceptiial design basis. Allowance was made in the cost estimate for 
general process instrumentation and controls based on previous work. Hydraulic 
systems with attendent controls were included in the valve cost estimates. 

There will be variation in both outlet streams with respect to temperature, 
pressure, flow rate, and fluid composition. Of these, temperature is most 
likely to be significant. The oxidant composition will vary due to carryover of 
hot gas and particulate matter because of the switching process. 

The oxidant and MHD gas temperatures could be controlled by means of bypass of 
MHD gas and/or oxidant. The flows could be controlled to modulate the heater 
system outlet temperatures if required by the combustor and/or downstream 
components. Some degree of protective system control would be required to pre- 
vent overpressure or overtemperature in the MHD gas ducts and excessive thermal 
cycling of the refractory materials in the heater system due to channel perfor- 
mance fluctuations. 

2.3 Cost Es t imate 

A cost for the fixed bed heater system described above was estimated. The esti- 
mate, which includes cost of materials, fabrication and installation, is 
$19,298,000 in 1980 dollars. A summary of the costs by major component is given 
in Table V. 
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TABLE V - FIXED BED REGENERATIVE HEATER SYSTEM ESTIMATED COST 
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Several important results can be seen from the cost summary. First, the flow 
sequencing valves are a major cost component in the heiter system, representing 
34% of the total cost. If the valves could be reduced in size or number, there 
would be a substantial savings in total heater cost. Therefore, tradeoffs be- 
tween allowable velocity in the valves (with erosion and poor flow distribution 
that results from high velocity) and heater system cost should be considered in 
future design studies. 

Second, the matrix of refractory checkers amounts to only 15% of the total 
system cost based upon using a single material for the entire matrix; checker 
material cost alone (not installed) represents only 9% of the system total. 
Thus, the specific refractory material selected for the heater matrix makes 
little difference to overall cost. Using the lowest cost material suitable for 
the bottom portion of the matrix, such as hio'i U.!*v fireclay, will not signifi- 
cantly reduce the heater system cost. 

Furthermore, using a heater matrix of increased height to produce a higher 
outlet temperature of the oxidant, as proposed in Section 2.2.3, will not sign- 
ficantly increase the heater system cost. Based on the results from that sec- 
tion, a heater system delivering oxidant at 1210 K (1720 F) would have a total 
installed cost of approximately S24 million. 

The basis for the cost estimate i'. discussed in the following sections, and a 
detailed cost breakdown is p»ovided in Appendix 0. 

2.3.1 Basis for Cost Estimate 

Costs were estimated using the following general guidelines: 

- The costs of all materials, shoo fabricated components, and pur- 
chased equipment are F.O.B. manufacturer's plant, i.e. ready-to-ship . 
No shipping costs from manufacturer to site are included. 

- Rates for field labor or shop labor are baseJ on $42 per ho ir which 
includes direct wages and indirect charges such as supervision, 
insurance fringe benefits, workers compensation, support staff, tools 
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and equip ment, contingency and contractor fee or profit. This rate is 
converted to a basis of dollars per pound or dollars per cubic foot in 
some instances. 


- Engineering design costs are not included. 

- Indirect costs and contractor profit or fee have not been specifically 
added to the costs for purchased components but are included through 
the application of the labor rates specified above. 

- Costs were established directly from the weights, volumes, or capaci- 
ties of the components listed. 

- In the cases of structural steel, instrumentation and controls and 
field erection and assembly, quantities or costs were estimated as per- 
centages determined from previously installed test facilities and cera- 
mic heaters designed by FluiDyne or from previous studies of ceramic 
heaters. 

2.3.2 Steel Components 

Material and fabrication cost rates for the types of steel used in the system 
are given in Table VI. 

TABLE VI - ESTIMATED COSTS FOR STEEL 


TYPE OF STEEL | Material Cost 


($/lb) 


I Carbon Steel 
I Structural Steel 

L 


Field or Shop ! 
Labor Rate | 

(S/lb) I 


Fabricated Cost 
($/lb) 
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2.3.3 Refractory Materials 




The cost rates for the types of refraclories included in the facility are given 
in Table VII. Factors were applied to account for rebound (loss of castable 
material when gunning on to a surface) and for anchors to hold the castable 
material i.. place; for manufacturing the checker shape; and for supporting the 
external insulation. 

2.3.4 Refractory Installation 

Refractory installation costs are based on the following determination of cost 
per unit volume of installed refractory. 

- There are 17.2 nine inch equivalents (equal to the volume of a 
standard 0" x 4.5" x 2.5" refractory brick) in one cubic foot. 

- Labor hours required per nine inch equivalent are 
.0375 hours/9 in. equivalent (for installation) 

.0075 hours/9 in. equivalent (for materials handling) 

.0450 hours/9 in. equivalent 

Therefore the basic installation cost rate is: 

( .0450) (17.2) (42) = 32.50 $/ft3 

This installation rate is multiplied by complexity factors, some of which reduce 
the rate and some of which increase the rate. Typical complexity factors and 
the resultant rates are given in Table VIII. 

2.3.5 Sequencing Valves 

The costs of all valves <were estimated by the following procedure: 

- The weight of a single-plate valve of the given bore for dirt-bearing 
media service was determined from blast furnace valve vendor 
1 iterature. 



i 


i 

I 
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TABLE VII - ESTIMATED COSTS FOR REFRACTORY MATERIALS 


LOCATION 

Refractory Type 

Material 

Cost 

($/lb) 

Adjusted Material 
Cost, Incl. Re- 
bound Checker or 
Support Factors 
(S/ib) 

Heater 




Hot Liner 

Castable, KS-4 

.214 

.28 

Inner Liner 

Castable, C-20 

.46 

.60 

Bottom Fin 

Lightweight Castable 

.46 

.46 

Matrix (Holed) 

Checker, HW Bison 

.237 

.31 

Piping 

Castable, C-20 

.46 

.60 


Castable, KS-4 

.214 

.28 

External In- 




sul at ion 

Calcium Si 1 icate 

1.00 

1.05 


TABLE VIII - ESTIMATED INSTALLATION COSTS FOR REFRACTORY MATERIALS 


Refractory Category 

Complexity Factor 
(Mul itipl ier) 

1 

Installation Cost 

Rate ($/ft^) 

External Insulation 

0.7 

22.75 

Castab le Material 

0.8 

26.00 

Large Horizontal Diameters 

l.n 

32.50 

Heater Matrix 

1.0 

32.50 

Upper Domes in Vessels 

2.0 

65.00 

Heater Bottom Fill 

L 

0.75 

24.38 

1 
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- A basic valve cost of S6.00 per pound was applied. This was derived 
from known costs of similar valves furnished by major valve manufac- 
turers. 

- lot was added to the basic cost of each valve for a hydraulic operator. 

- If the valve was internally insulated, 20t was added to the basic cost. 

2.3.6 Expansion Joints 

It was assumed that each heater duct will require an expansion joint. Recent 
quotations from manufacturers on similar size expansion joints were used to 
establish the expansion joint cost. 

2.3.7 Additional Costs 

The cost of controls and instrumentation was estimated at 5% of the total cost 
of all materials, shop-fabricated components, purchased equipment and refractory 
installation. 

An ideitical amount was added for erection and assembly of the system. Based on 
the overall system cost and weight, this b% allowance translates into an erec- 
tion and assembly cost of approximately 9 cents per pound. This rate is 

somewhat low compared to rates we have used in other work but seems justified in 
this case since most of the weight is hiahly concentrated in the heater assembly 

package. It should be noted that the cost of erection and assembly does not 

include refractory installation which was treated separately and is discussed in 
paragraph 2.3.^. 



3.0 CERAMIC RECUPERATIVE HEATER SYSTEM 


The major design considerations, conceptual design and cost estimate for a tubu- 
lar ceramic recuperative heater for the MHO intermediate temperature oxidant 
heater application are discussed below. The presented conceptual design does 
not represent an optimized heater system, since the level of effort required for 
optimization was beyond the scope of this study. In contrast to the fixed bed 
regenerator conceptual design which would utilize materials, components, and 
fabrication techniques which represent standard industrial practice, the ceramic 
recuperator would require considerable development effort as well as expanded 
iianuf acturing capabilities in order to produce the required ceramic components. 

3 . 1 Design Coniderations 

3.1.1 Design Considerations for MHD Application 

The major design factors involved in adapting the ceramic tube and shell recu- 
perator to this application are (1) the large pressure difference between MHD 
gas and oxidant, (2) the large flow rate to be handled compared to flow rates in 
current applications, and (3) the MHD gas particulate loading. A ceramic recu- 
perator would require thin walled structures (tubes and headers) manufactured 
from brittle (ceramic) materials. As opposed to standard uses of ceramic 
materials (bricks, castables, etc.), such structures present several challenging 
design problems, including accomodation of thermal expansion and development of 
fabrication techniques for metal/ceramic interfaces and ceramic tube and header 
assembl ies. 

The major design factors related to the pressure difference are the ability of 
ceramic materials to withstand the applied stresses and the possibility of 
leakage through the many joints. The pressure containment requirement limits 
the size of ceramic tubes and headers; the large overall heater size thus 
requires a number of modules containing relatively small ceramic components. 
All joints involving cerjanic components are of great concern due to the poten- 
tial for leaks. If a leak-free assembly can be constructed, thermal expansion 
and mechanical and thermal stresses during operation could cause leuks to deve- 
lop. 

These design factors along with the variability of mechanical properties of 
ceramic materials and the resulting uncertainties in design procedures, are 
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identified in Refs. 4, 26 and 27 as the major limitations in applying ceramic 
recuperators to the MHD oxidant heating requirement. 

The particulate loading in the MHD gas stream also restricts the design. Small 
flow passages would be subject to fouling, and slip-type joints or gaps in cera- 
mic components could become fouled with dust. The particles are expected to be 
very small, however, as discussed in Section 2.1, and are also assumed to be in 
a dry (non-sticky) , solid form. Thus, fouling of the heat exchanger can pro- 
bably be prevented by allowing sufficient spacing of the tubes and maintaining a 
high enough velocity to keep the particles entrained in the gas stream. Erosion 
is also not expected to present a major problem since the particles would be 
very smal 1 . 

3.1.2 Review of Current Applications and Pevelopment Programs 

With these design considerations in mind, a review of current ceramic recupera- 
tor applications and development programs was made in order to identify the most 
promising concepts for this application. 

Several ceramic recuperators are available as commercial products; other ver- 
sions are undergoing development. These fall into various categories that are 
indicative of the applications and of the capabilities of ceramic fabricating 
technology. A good overview of ceramic recuperators is available in a survey 
paper by C. F. McPonaii (Ref. 28). 

One type of ceramic recuperator uses a matrix that consists of an assembly with 
several heat exchanger passages formed as a single unit, analogous to a metallic 
plate-fin heat exchanger. This type of core is an extension of the glass matrix 
such as that built by Corning Glass for the rotary regenerator contemplated for 
vehicular gas turbines. These recuperators are compact (low fin height and high 
fin count per inch) and have been designed to withstand a significant pressure 
difference. The core can be formed from a variety of materials including glass, 
silicon nitride, silicon carbide, and magnesium aluminum silicate (cordierite) . 
GTE-Sylvania Inc. has developed a formed plate module of cordierite rated for 
hot gas inlet temperatures of 1640 to 1760 K (2500 to 2700 F). This unit is 
used, under license, as the core of the "Cuberator" marketed by Thermal Transfer 
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^ Corporation (Refs. 29, 30 and 31). Coors Porcelain Co., Corning Glass Worlds, 

and the Norton Company have also fabricated modular "plate-fin" elements. A 
German silicon nitride recuperator of this type Is described In Refs. 32 and 33. 

Experimental results at Internal pressure reported In Ref. 32 showed plate rup- j 

ture occuring at a pressure difference of 3 atm. 

The problems associated with the formed-plate module concept make It an unlikely 
candidate for the MHO application. Dirty gas becomes a serious problem In the 
small flow passages. The 6 atm pressure Is high relative to the state-of-the- 
art and could result In excessive leakage due to Internal cracking of the 
"plates" and excessive leakage through the mechanical seals around the periphery of 
the i.eramlc module. 

Another type of design Is a "cemented" stacked brick matrix with separated flow 
packages In each brick element as descrlbcJ In Ref. 34. The design (by 
Oldler-Werke A. G.) described In Ref. 34 Is a large unit with large flow passa- 
ges for use on glass melting furnaces. However, it Is limited to nearly equal 
fluid pressures and applications tolerant of significant leakages. 

I 

I 

Effort toward accommodating similar large scale applications with less leakage 
at slightly higher pressure differentials has led to tubular designs. There are 
. number of manufacturers of these units for use in such applications as steel 
Industry soaking pits. They typically use large diameter (127-209 mm, (5-9 in.) 

' 0.0.) silicon carbide tubes with a cross-flow arrangement. Development of an 

English design of this type Is reported In Ref. 35. The tube-to-heater connec- 
tion uses a fibre packing type of seal. The typical unit has only a few (less 
than 100) tubes and the seals can be periodically repacked as part of normal 
maintenance. Cruciform inserts have also been developed to augment the low 

, Inside-the-tube heat transfer coefficient. A "high pressure" unit of this type 

would have up to IX leakage at a pressure differential of 4 xPa (16 In. of 

’ water). Other information on these designs is given In Refs. 36 and 37. These 

designs are large scale and could accommodate dirty gases, but cannot be used 
directly in the MHD application because of the 6 atm oxidant pressure. 

I Significant development »wDrk Is now being done with regard to materials, surface 

! forms, and fabrication for tubular heat exchangers for industrial gas turbine 
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applications. They generally use a cross-flow arrangement with ribbing and 
other forms of surface roughening for heat transfer enhancement on tubes as 
small as 25 mm (1 In.) In diameter. Various techniques are used to make the 
tube-to-header joint. 

Extensive literature has been published on the Hague International designs, for 
example Refs. 38, 39, and 40. Hague's CerHx product line uses silicon carbide 
tubes with optional external finning and Is designed for low pressure applica- 
tions such as slot furnaces. In Ref. 39, Hague reports a design for a gas tur- 
bine cycle with a 6 atm compressor pressure that uses a 95 mm (3.7 In.) O.D. 
externally finned tube. This Is a proposed unit that Is of large scale. A 
design similar to this would be a candidate for the MHD a>>pl Icatlon. 

The Department of Energy and EPRI have funded development work on designs for 
gas turbine applications. Rockwell International, Rocketdyne Division has been 
performing studies and conceptual designs as part of Its "Advanv. .-d Coal-Fueled 
Combustor /Heat Exchanger Technology Study," Ref. 41. Solar Turbines Inter- 

national completed testing of a full-size recuperator module having silicon car- 
bide tubes of 25 mm (1 In.) O.D. and 4.6 m (15 ft.) length. This design used an 
Inconel 800H header and Inconel 718 bellows at the cold end (Ref. 42). 
Significant basic work on joining technology has also been reported (Refs. 43 
and 44). AIResearch Manufacturing Co. of California has reported experimental 
data on a prototype U-tube design for gas turbine cycles. Information on this 
work Is given In Refs. 45-48. None of the high pressure units has been deve- 
loped to the point of commercial availability. 

Of all ceramic recuperative heat exchanger designs and design concepts, only 
some of the low pressure differential designs (of the order of 5 kPa, or 20 In. 
of water) are co»mierc1al 1y available. The high pressure designs (up to 6 atm In 
the high pressure side) are In early development stages. Based on the work done 
to date, the most likely surface Is a silicon carbide tube. These tubes are 
commercially available with operating temperatures higher than the MHD ITOH 
requirement. Finned tubes have been manufactured, but would be likely to become 
fouled by the particulate-bearing gas streani. 

The conceptual design presented In the following section was based primarily on 
the AIResearch prototype design (Refs, 45-48). In the AIResearch work, small LI- 
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tube and manifold assemblies were fabricated. These assemblies were tested at 
high temperatures In the presence of coal slag. Pressure containment at 1505 K 
(2250 F) and 3.4 MPa (500 psia) and resistance of the silicon carbide material 
to erosion and corrosion by the coal slag were demonstrated. Extension of the 
ceramic joint and assembly concepts to large sizes will require additional deve- 
lopment work, however. 

A major advantage of a ceramic recuperator, as opposed to a periodic flow rege- 
nerator, Is that flow sequencing valves and control: are not required In order 
to achieve continuous flows of MHD gas and oxidant A constant temperature 
would be achievable, thus eliminating the ripple associated with a fixed bed 
regenerative heater. However, If freguent repairs become necessary, valves ?r.ci 
controls may be needed to Isolate the various heater modules. In this (.esiqn 
study the optimistic view was taken that isolation valves would not b. nee^^ d. 
It Is assumed that minor tube or joint failures and the resulting leakage would 
be tolerable In the heater operation. 

3.2 Conceptual Design 

The heater system process diagram is shown In Fig. 12. The oxidant Inlet and 
outlet temperatures, the MHD gas inlet temperature, and the MHD gas and oxidant 
flow rates are as specified. The temperatures indicated in Figure 12 at Inter- 
mediate points In the heater system represent average conditions for the modu- 
les, accounting for system heat losses. No allowance was made for leakage of 
oxidant Into the MHD gas stream. 

3.2.1 Heater System Configuration 


The heater system consists of 20 individual modules and the necessary MHD gas 
and oxidant ducts and manifolds to distribute the flow. The configuration of a 
module Is shown In Fig. 13. The ceramic tube and header assembly is shown In 
Fig. U. The heater system configuration Is shown In Figs. 15 and 16, which 
Illustrate the arrangement of the MHD gas ducts and manifolds and the oxidant 
d "ts and manifolds, respectively. Heater system parameters are summarized In 
Tables IX and X. 
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TABLE IX - CERAMIC RECUPERATIVE HEATER SYSTEM PARAMETERS 


CONFIGURATION AND OESIGN PARAMETERS 

Generdi Arrangement: 

4 Pass Cross-Counterflow 

No. of Recuperator Modules: 

20 

Tube Diameter: 

25.4 mm (1 in.) O.D. 

Tube Wall Thickness: 

3.2 mm (1/8 in.) 

Tube Arrangement: 

Staggered, 6 rows in direction 
of MHD gas flow - each module 

Tube Row Spacing: 

31.75 mm (1.25 in.) center-to- 
center (both normal and parallel 
to flow) 

Active Tube Length: 

2134 mm (84 in.) - each pass 

Nimber of Tubes/Module: 

477 - each pass 

Ceramic Header Diameter: 

305 mm (12 in.) 0 J. 

Ceramic Header Wall Thickness: 

6.35 mm (1/4 in.) 

Active Headei Length: 

2540 mm (100 in.) 

Tube/Header Material: 

Norton NC430 Silicon Carbide 

1 

SYSTEM PERFORMANCE PARAMETERS | 

1 

MHD Gas Pressure Loss: 

1 

4.2 kPa (0.61 psi) I 

1 

Oxidant Pressure Loss: 

1 

20.0 kPa (2.9 psi) | 

1 

System Heat Loss: 

6.4X of Heat Duty | 

1 

_ 

1 
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TABLE X - CERAMIC RECUPERATIVE HEATER SYSTEM DUCT AND MANIFOLD CONFIGURATIONS 



ITEM 

MAX. FLOW 
DIMENSION 

INSULATION THICKNESS 

Layer 1^ 
mm (in.) 

Layer 2^ 
mm (in . ) 

External^ 
mm (in. ) 

MHO Gas Inlet Duct 

32.6 m^ (351 ft^) 

63.5 (2.5) 

88.9 (3.5) 

12.7 

(0.5) 

MHD Gas Inlet 

8.2 m^ (88 fl^) 

63.5 (2.5) 

88.9 (3.5) 



Manifolds 






MHD Gas Outlet Duct 

27.4 (295 ft^^ 

63.5 (2.5) 

31.8 (1.25) 



MHD Gas Outlet 

7.0 (75 ft^) 

63.5 (2.5) 

31.8 (1.25) 



Manifolds 






Oxidant Inlet Duct 

1.65 m (65 in.) 

. _ _ 

• • • • 




di a. 





Oxidant Inlet 

.98 m (38.5 in.) 

_ « « « 

• * — - 



Manifolds 

dia. 





Oxidant Outlet Duct 

2.02 m (79.5 in.) 

63.5 (2.5) 

69.8 (2.75) 




dia. 





Oxidant Outlet 

1.02 m (40 in.) 

63.5 (2.5) 

69.8 (2.75) 



Mani folds 

dia. 






High Strength Fireclay Castable (KS-4) 
Insulating Castable (C-20) 

Calcium Silicate 













The basic heat exchanger module consists of a four pass, cross counterflow sili- 
con carbide tube assembly. The four passes are made by straight 25.4 rnin (1 in.) 
outer diameter tubes with 3.7 mm (1/8 in.) wall thickness. The straight tubes 
are joined by silicon carbide U-tubes of similar diameter and wall thickness, 
and the tube asseoibly is joined to a silicon carbide header at each end. The 
design was developed so that the length of the straight tubes would not exceed 
3 m (10 ft.), and the ceramic header sizes were limited to 305 mm (12 in.) 
diameter and 2540 mm (100 in.) length. The tube spacings were also chosen so 
that no U bends had a turn radius/tube diameter less than 5.5 to keep stresses 
at a reasonable level. These size and spacing limitations were determined on 
the basis of reasonable expectations of future silicon carbide manufacturing 
capabilities and on the pressure containment requirement. Finned tubes were not 
selected because of the potential for fouling due to the particulate loading in 
the MHO gas stream. 

A ceramic/metal joint is made at the ends of each silicon carbide header. The 
joint is illustrated in Fig. 13 and consists of a flanged, conical ceramic sec- 
tion which is attached to the metallic pipe with a Marman type clamp, following 
the method described in Ref. 45. 

The ceramic headers and the U-tube portions of the tubular assembly are enclosed 
by the metallic recuperator module shell and surrounded by insulation. A 
"baffle" consisting of a thin sheet of high alloy steel separates this insula- 
tion layer surrounding the ceromic headers and U-tubes from the MHD gas flow. 
Since its only function is to minimize flow bypassing of the active heat 
exchanger tubes, this baffle will not require high strength and therefore some 
degree of corrosion of the baffle material will not pose a serious problem. 

As shown in Figure 15, the heater system is arranged with the main MHD gas inlet 
and outlet ducts on a common centerline. Four sets of inlet and outlet mani- 
folds run perpendicular to the main ducts as shown in Figure 16, to distribute 
flow to, and collect flow from, four legs having five heater modules each. The 
oxidant inlet and outlet ducts run parallel to the MHD gas ducts, one on each 
side of the gas ducts. Oxidant manifolds run perpendicular to the main ducts 
and above the individual recuperator modules. Two vertical pipes extend down- 

ward from the oxidant manifolds to provide a connection at the ends of each 
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ceramic header. Proper distribution of the flows through the heater system 
would be assured by appropriate considerations in the preliminary and final 
design phases. 

The insulation materials and thicknesses for the MHD gas and oxidant ducts and 
manifolds are summari»ed in Table X. A layer of extra strength fireclay 
castable for erosion resistance and a second layer of a moderate temperature 
insulating castable are used to internally insulate the metallic gas inlet and 
outlet ducts and manifolds and the metallic oxidant outlet manifolds and duct. 
The oxidant inlet duct is not internally insulated. All of the metallic ducts 
^nd manifolds and the recuperator module shells are covered with a calcium sili- 
cate type external insulation. 

The heater system would be field fabricated, with the exception of the ceramic 
header -tube assemblies which would be shop fabricated and installed as complete 
units. 

As noted previously, the ceramic recuperator would require considerable develop- 
ment effort as well as expanded manufacturing capabilities in order to produce 
the required ceramic components. Lifetimes of the vessel and duct refractory 
linings on the order of 15-20 years should be achievable. Estimates of life for 
the silicon carbide assemblies cannot be made at this time due to the early 
development stage of the technology. 

Details of major heater system components and heater system operation and per- 
formance are discussed in the following sections. 

3.2.? Design Approach 

A description of the approach used to develop the conceptual designs for the 
major heater system components is given in the following paragraphs. 

Sizing Methods 


The heat exchanger matrix was sized by using a FluiDyne computer program pre- 
viously developed for analysis of multiple-pass cross-counterflow heater 
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designs. The computer program was used to determine the tube bundle dimensions 
required to meet the specified thermal performance and allowable pressure 
losses. 

The computer program utilizes an iterative solution procedure to solve the 
algebraic heat exchanger sizing equations (Ref. 49). Frictional losses, 
entrance and exit effects, losses due to flow acceleration, and turning losses 
are computed. Thermal /hydrau' ic performance data f-'om Ref. 49 are used. The 
relationship between heat exchanger effectiveness and number of transfer units 
for cross flow is based on a series solution developed by Mason (Ref. 50). The 
computer solution is based on bulk mean fluid conditions. 

Several par?jneters were considered for the heater system conceptual design, 
including tube oiameter, oxidant inside or outside the ceramic tubes, pressure 
loss, heat exchanger shape, tube spacing, and various single or multiple pass 
cross counterflow conf igurat<ons. 

Number of Heater Modules 


Multiple heater modules are required in order to provide the necessary heat 
transfer surface area while still meeting various restrictions placed on the 
size of the ceramic components. The choice of 20 individual units resulted from 
the various size restrictions assumed, as discussed above. Other assumptions 
could be made regarding allowable sizes, which would have some impact on the 
number of individual heater modules. However, the sizes used in this conceptual 
design represent extensions to present manufacturing capabilities for ceramic 
components capable of the required pressure loading, and further extensions did 
not seem justified on the basis of ceramic recuperator experience to date. 

Ceramic Assemblies 


The proposed ceramic material is Norton NC430, a dense, sintered silicon carbide 
featuring a bimodal grain size distribution of high purity silicon carbide. It 
is impregnated with metallic silicon to close any residual porosity. This 
material has been used at temperatures up to 1670 K (2590 F) and, as discussed 
previously, has been shown to have good erosion and corrosion resistance in the 
presence of coal slag (Ref. 45). 
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The concept envisioned for fabricating the manifold/tube assemblies illustrated 
in Fig. 14 is as follows. The manifolds, straight tubes, and U-tubes would be 
cast and fired separately. These components would then be joined with addi- 
tional "green" silicon carbide material, and the entire assembly would be fired 
to produce a pressure containing unit. The proposed quantity and length of 

straight tubes as well as the diameter of the ceramic manifolds exceed current 
manufacturing capabilities (Ref. 45). Thus, manufacturing capabilities would 
need to be developed. A furnace large enough to fire the entire assembly would 
also need to be developed. The required development work and extrapolation of 
manufacturing capabilities are expected to be feasible if a sufficient market 
demand were to exist. 

Other methods for fabricating silicon carbide structures and joining techniques 
such as the relaxing joint under development by Solar Turbines International 
(Refs. 43 and 44) should also be considered. However, an exhaustive survey of 
ceramic fabrication techniques was beyond the scope of this conceptual design 
study, and the presented fabrication procedure was selected as a reasonable 
method for the basis of the design. 

Tube and Ceramic Header Arrangement 

Tubes in each pass through the MHO gas are arranged in a staggered fashion rela- 
tive to the MHD gas flow direction. Tube spacing from row to row is 31.75 mm 
(1.25 in.) center-to-center both parallel and normal to the flow direction as 
shown in Figure 14. Six rows of tubes, in the direction of the MHD gas flow, 
are used in each pass. The tubes are suspended vertically from the two ceramic 
headers in each assembly, and the ceramic headers are supported by hangers from 
the roof of the heater module vessel. This arrangement allows for thermal move- 
ment of the individual tubes without developing large stresses. Each ceramic 
header is fed by, or discharges to, the larger metallic air inlet or outlet 
manifolds at both ends. The velocities in the ceramic headers were restricted 
to values about equal to the velocities in the individual tubes. 

It is felt that the selected tube spacing will be sufficient to prevent accumu- 
lation of the small particulate matter in the heater system. Should further 
design efforts indicate a need, a sootblowing system could be accommodated in 
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the presented design. Larger tube spacing would then be required, and design 
precautions would be required to avoid thermal shock problems. These con- 
siderations would add to the heater system cost. 

Thermal Insulation 


The insulation materials and arrangements chosen for the heater modules, metal- 
lic manifolds and ducts are the same as for the fixed bed regenerative heater 
system. The maximum service temperature is moderate so that the vessel duct and 
insulation scheme is straightforward. Inexpensive, highly thermal resistive 
castable refractory attached by metallic anchors can be used. The design para- 
meters for insulation sizing were a nominal surface heat flux of 1340 W/m2 (425 
Btu/hr. ft^)^ or an outer skin temperature of approximately 390 K (Z50 F). A 
nominal steel vessel temperature of 480-530 K (400-500 F) was selected to pre- 
vent corrosion due to NO^ or S0J^ species. External insulation was specified in 
order to maintain the necessary steel vessel temperature. A liner using a high 
strength fireclay castable was selected to provide erosion resistance. A 
thickness of 63.5 mm (2.5 in.) was selected as the minimum for simple installa- 
tion procedures. Where appropriate, a second insulating layer of the equivalent 
of Harbison Walker Castable 20 was used to reduce total insulation costs, the 
air inlet ducts and manifolds are not internally insulated. The types of insu- 
lation and the thicknesses of the layers used in the various locations are indi- 
cated in Table X and Appendix E. 

The estimated heat loss for the heater system is 6.4X of the heat duty. A heat 
loss vs. system cost trade-off was not made because of the limited scope of the 
conceptual design. Optimization would have a minor effect on total system cost. 

3.2.3 Heater System Operation and Performance 

The heater system will provide continuous flows of MHO gas and oxidant at the 
temperatures shown in Fig. 12. The temperatures at intermediate points in the 
heater system were calculated, accounting for system heat losses. These values 
represent the average performance of the 20 heater modules. No attempt was made 
to estimate performance variations due to maldistribution of flows through the 
heater system. Appropriate steps to minimize maldistribution would be made in 
preliminary and final design phases. 
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The conceptual design does not include a control system. None is required to 
maintain the heater performance. If, however, leakage through the ceramic com- 
ponents and joints should prove to be significant or if modules must be periodi- 
cally isolated for adjustment or repair, some degree of control will bf required 
to maintain the heater system performance. Determination of the extent of need 
for some degree of control, as well as the need for spare modules and/or excess 
system capacity, will be dependent upon the development of ceramic recuperator 
technology and on component reliability and availability requirements. 

3.J Cost Estimate 

A cost for the ceramic recuperative heater system described above was estimated. 
The estimate which includes cost of materials, fabrication and installation, is 
$15,8?A,0C0 in 1980 dollars. A summary of the costs by major component is given 
in T ab 1 e XI. 

The "'ajor cost component in the heater system is the ceramic header/tube 
assemblies. This is also the item having the major cost uncertainty since the 
fabrication technology is an unknown factor at this time. Thus it is evident 
that any judgement as to the economic viability of the ceramic recuperator will 
require better information on the cost of this component. 

The basis for the cost estimate is discussed in the following sections, and a 
detailed cost breakdown is provided in Appendix E. 

3.3.1 Basis for Cost Estimate 

Costs were estimated using the following general guidelines: 

- The costs of all materials, shop fabricated components, and purchased 
equipment are F.O.B. manufacturer's plant, i.e. ready-to-ship. No 
shipping costs from manufacturer to site are included. 
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table XI - CERAMIC TUBE RECUPERATIVE HEATER SYSTEM ESTIMATED COST 


COMPONENT DESCRIPTION 


COST SI. 000' s 

Recuperator Modules (20) 
Steel Shell 

274 


Refractory Insulation (Installed) 

294 


Ceramic Header/Tube Assembly 

7460 


Total Recuperator Modules 


8^28 

MHO Gas and Oxidant Ducting 
(with installed insulation) 


3803 

Ma.lor Expansion Joints and 
Miscellaneous Parts 


348 

Support Structure and 
Foundations 


600 

Erection and Assembly 

(excluding refractory installation 
but including silicon carbide 
header/tube installation) 


3045 


TOTAL HEATER SYSTEM 15824 
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- Rates for field labor or shop labor are based on $42 per hour which 
Includes direct waqts and Indirect charges such as supervision. 
Insurance, fringe benefits, workers compensation, support staff, tools 
and equipment, contingency and contractor fee or profit. This rate Is 
converted to a basis of dollars per pound or dollars per cubic foot In 

some 1nst?nr?j. 

- Engineering design costs are not Included. 

- Indirect costs and contractor profit or fee have not been specifically 
added to the costs for purchased components but are Included through 
the application of the labor rates specified above. 

- Costs were established directly from the weights, volumes, or capaci- 
ties of the components listed. 

- In the cases of structural steel and field erection and assembly, quan- 
tities or costs were estimated as percentages determined from pre- 
viously Installed test facilities and ceramic heaters designed by 
FluiOyne or from previous studies of ceramic heaters. 

3.3.2 Steel Components 

Material and fabrication cost rates for the types of steel used in the system 
are given In Table VI. 

3.3.3 Refractory Materials 

The cost rates for the tyoes of refractories Included In the facility are given 
In Table XII. Factors are applied to account for rebound (loss of castable 
material when gunning onto a surface), for anchors to hold the castable material 
in place, and for supporting tiie external Installation. 
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TABLE XII - ESTIMATED COSTS FOR REFRACTORY MA'^ERIALS 


LOCATION 

Refractory Type 

Material Cost 
($/lb) 

Adjusted Material 
Cost, Incl. Rebound 
Anchor, or Support 
port Factors 
($/lb) 

Ducting & Piping 

Castable, C-20 

.46 

.60 


Castable, KS-4 

.214 

.28 

1 

External Insula- 
tion 

Calcium Silicate 

1.00 

1 

1 

1 

i 

1.05 1 

1 


TABLE XIII - ESTIMATED INSTALLATION COSTS FOR REFRACTORY MATERIALS 


I Complexity Factor j Installation Cost 
Refractory Category (Multiplier) | Rate( S/ft"^) 


External Insulation 
Castable Material 
Large Horizontal Ducts 


22.72 

26.00 

32.50 









3.3.4 Refractory Installation 




Refractory installation costs are based on the following determination of cost 
per unit volume of installed refractory: 

- There are 17.2 nine inch equivalents (equal to the volume of a standard 
9" X 4.5" X 2.5" refractory brick) in to one cubic foot. 

- Labor hours required per nine inch equivalent are 
.0375 hours/9 in. equivalent (for installation) 

.0075 hours/9 in. equivalent (for materials handling) 

.0450 hours/9 in. equivalent 

Therefore the basic installation cost rate is: 

(.0450) (17.2) (42) = 32.50 $/ft3 

This installation rate is multiplied by complexity factors, some of which reduce 
the rate and some of which increase the rate. Typical complexity factors are 
given in Table XIII. 

3.3.5 Silicon Carbide Assemblies 

The tube and ceramic header costs were determined primarily on the basis of 
information from Ref. 45. An extrapolated cost (five to ten years in the 
future) for straight tubes of impervious silicon carbide of $4-6/lb was given by 
the manufacturer, assuming a large production rate. Twenty percent of this cost 
was attributed to materials and the remaining 801S was attributed to fabrication 
and firing. Thus, the estimated fabrication and firing costs amount to 4 times 
the material cost. The assembly envisioned for the conceptual design involves 
fa. ication of straight tubes, U-tubes, and headers of silicon carbide; these 
are then joined and fired again into a single unit. This operation will involve 
careful handling, assembly of furnace supports, and filing in a large furnace. 
The approach chosen fo'- the cost estimate was to establish costs for the 
straight tubes (based on Ref. 45), U-tubes, and headers (based on information 
obtained from discussions with an industrial ceramic recuperator designer). A 
fabrication and firing cost was then determined using a similar factor of 4 
applied to these costs, based on the above information from Ref. 45. 
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3.3.6 Expansion Joints 


It was assumed that expansion joints would be required on both ends of the two 
headers in each recuperator unit. It was also assumed that the oxidant inlet 
and outlet manifolds would each require an expansion joint per recuperator unit. 
Recent quotations from manufacturers on similar size joints were used to 
establish the expansion joint costs. 

3.3.7 Erection and Assembly 

An amount equal to 25 percent of the total cost of all materials, shop fabri- 
cated components, ourchased equipment and refractory installation (excluding the 
support structure and foundations) was included for erection and assembly of the 
system. This percentage was based upon FluiDyne's experience in the erection 
and assembly of large wind tunnel facilities. The 25% rate seems justified in 
this case since special techniques will need to be developed for the handling 
and assembly of the recupe>^ator elements. It is also probable that a large 
amount of mobile crane time will be required to erect the system, which also 
contributes to the size of the percentage. 
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4.0 ENGINEERING ASSESSMENT OF MOVING BED REGENERATIVE HEATER 


An engineering assessment of the moving bed regenerative heater for the MHD oxi- 
dant heater application was made. A survey of moving bed heater applications 
was conducted, and advantages, disadvantages, significant design considerations, 
and areas for further investigation were identified. This information is pre- 
sented in the following sections. 

4.1 Moving Bed Heater Applications 


The concept of a moving bed, continuous flow heat exchanger (or nwving pebble 
bed) involves one or more heater vessels having upper and lower chambers, 
through which ceramic beads or pebbles flow slowly, driven by gravity. The 
pebbles would be heated by the MHD exhaust gas in the upper chamber. In the 
lower chamber, the pebbles would give up heat extracted from the MHD exhaust gas 
and transfer it to the oxidant being heated. 

The moving bed concept has been known for many years. Reference 51, published 
in 1946, desrribes the moving pebble bed heater concept and a design to heat air 
from ambient temperature to 1530 K (2300 F) as shown in Fig. 17. Few industrial 
heaters of this type are known, however. 

Several examples of industrial applications of the moving bed regenerator con- 
cept have been reviewed. Heated ceramic balls are used in the Tosco retorting 
process to heat oil shale (Ref. 57'. The 12.7mm (1/2 in) balls are circulated 
through a ball heater and a rotary kiln in which the shale is heated to approxi- 
mately 750 K (900 F). The process is illustrated in Fig. 18. A "dry media heat 
exchanger" of the moving bed regenerator type is described in Ref. 53. This 
heat exchanger uses iron foundry cupola exhaust gas to heat air to 810 K (lOOOF). 
Fine mesh ceramic particles are used for the circulating medium. An experimen- 
tal facility is described in Ref. 54 in which a moving bed of granular material 
is passed ov?»” the tubes in a heat pipe heat exchanger to allow operation of the 
unit in a particulate laden gas stream. All these units operate with little or 
no pressure difference between the pebble chambers and thus would not be 
directly applicable to the MHD intermediate temperature oxidant heater. 
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FIGURE 17. MOVING PEBBLE BED HEATER DESIGN 
(From Reference 51) 
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other applications if the moving bed regenerative heater concept are the moving 
fluidized bed (Ref. 4) and variations on the "falling cloud" concept which use 
small particles of solid material (Ref. 55) or of liquid material or a material 
which undergoes a phase change in the heater (Ref. 4). In the moving fluidized 
bed concept discussed in Ref. 4, the oxidant, after being heated by the fluid- 
ized particles in one chamber, flows directly into the combustor. The MHD gas 
downstream of the channel then flows through the fluidized particles in the 
other chamber to heat them. The particles are transported from one chamber to 
another through a separate duct, parallel to the gas flow. No experimental work 
actually involving a moving fluidized bed was reported in Ref. 4. 

The falling cloud concept closely resembles the moving pebble bed; the only con- 
ceptual difference is that small particles are used in place of the larger 
pebbles proposed in Ref. 51. Extensive studies of a regenerator of this type 
employing liquid slag as the air heating medium (which solidifies in the air 
heating chamber before being recycled to the slag heating chamber) are reported 
in Ref. 4. The topics studied included atomization of the high temperature 
slag, transpo-tation of molten slag from one chamber to another, heat and mass 
transfer in each chamber, aerodynamic design of the chambers, and transportation 
of solidfied slag. While the temperature level in the intermediate temperature 
oxidant heater is too low to use liquid slag as the heat transfer medium, much 
of this work may be applicable in any further work on the moving bed regenera- 
tive heater. 

A falling cloud heat exchanger using solid alumina or steel particles for heat 
recovery in various industrial waste gases is discussed in Ref. 55. Several 

heat transfer and flow experiments conducted at relatively low temperatures 
(less than 500 K, 440 F) are reported and a pilot plant presently under con- 
struction is described. This work also may be applicable to future moving bed 
regenerator studies, although the intended temperature and pressure levels are 
modest compared to the needs of the MHD application. 

A moving pebble bed heater has been built and operated in Swierk, Poland, as 

part of the Polish MHO program. The heater design and operation are discussed 
in Refs. 56-61. This heater was used in MHD experiments for several years to 

heat air at approximately 2.5 atm to temperatures up to 1400 K (2060 F). The 
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pressures in the heater were carefully controlled so tnat no differential 
pressure existed between the two pebble chambers. The heater was separately 
fired with clean gas. Figures 19 and 20 illustrate the Polish heater. 

The design and operating experience of the Polish pebble bed heater were 
reviewed. In addition to the information obtained from Refs. 56-61, information 
was obtained through discussions with Prof. W. S. Brzozowski of the Polish 
Institute of Nuclear Research. 

Development of the Polish moving pebble bed heater was accomplished under a 
joint Polish-French program. Dr. David Yerouchalmi, then with the French Atomic 
Energy Conmission, participated in the development wor'' . Discussions were held 
with Dr. Yerouchalmi in the early 1970' s regarding the work on moving pebble bed 
heaters. Notes of these meetings were also reviewed as part of this technical 
assessment. 

4.2 Engineering Assessment 

In order to address the technical feasibility of the moving pebble bed concept 
for the intermediate temperature oxidant heater app’ ■'cation, the significant 
design considerations were studied. Results from the Polish pebble bed heater 
work was considered where applicable. A schematic representation of the moving 
pebble bed concept as it might be applied to this application is shown in Figure 
21 . 

4.2.1 Advantages 

The major advantages of the moving pebble bed concept for this application are 
that continuous flow of the MHD gas and oxidant could be maintained without need 
for flow sequencing valves and the mass of ceramic material required would be 
significantly less than for a fixed bed regenerative heater. Also, oxidant tem- 
perature variation (ripple) is not inherent to the moving bed regenerator as it 
is in the fixed bed regenerator. 

Calculations of the size or the heater using 25.4 mm (1 in.) pebbles showed that 
a total ceramic pcpble mass of 445,900 kg (983,000 Ibm) would be required for 
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FIGURE 19. POLISH MHD TEST FACILITY SHOWING 
SEPARATELY FIRED MC^NG PEBBLE BED 
HEATER IFROM REFERENCE 56) 
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FIGURE 20. 


CROSS SECTION OF POLISH MOVING 
PEBBLE BED HEATER (From 
Reference 57) 
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the specified MHO gas and oxidant flows and temperatures. This amounts to 171 
of the ceramic mass required for a fixed bed regenerative heater as presented in 
Section 2 . 2 . The calculations considered rates of heat transfer between the 
flowing MHO gas and oxidant and the pebbles, frictional losses of the MHO gas 
and oxidant, heat capacity and thermal conductivity of the pebbles, and the 
various fluid properties in determining the required heat transfer areas in the 
two chambers. The calculated pebble mass includes allowance for pebble chamber 
conical exit plenums and the pebble lift system. 

A potential advantage may be that particulate matter could be removed from the 
MHO gas stream by collecting on the pebbles, reducing the particulate loading 
for all downstream components. 

4.2.2 Disadvantages 

In contrast to the fixed bed regenerative type heater, industrial experience 
with the moving pebble bed type heater is essentially nonexistent. Therefore, a 
base of standard engineering practice is not available, as opposed to the case 
of the blast furnace stove for fixed bed regenerative heaters. 

The need for ancillary equipment to handle the circulating pebbles represents a 
major disadvantage of this heater concept. The need for a pressure seal between 
the two pebble chambers is a problem which may result in similar or even greater 
cost or complexity than flow sequencing valves, which are not needed, as 
discussed above. 

Another disadvantage of this type heater is that in order to operate the heater 
with a reasonable pressure drop, the pebble chambers must have a small length/ 
diameter ratio. For example, the heater sizing calculations resulted in an 
equivalent diameter (if a single chamber were used) of 15.8 m (51.7 ft) for the 
MHO gas chamber, while the pebble bed height in the gas chamber was 0.2 m (0.8 
ft). The corresponding dimensions for the oxidant heating chamber were an 
equivalent diameter of 8.4 m (27.6 ft) and a bed height of 0.9 m (3.1 ft). 

This unusual shape will require careful design to assure proper distribution of 
gas and pebble flows through the beds; a very large number of small heaters may 
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be required In order to accomplish this. Therefore, the advantage of a small 
ceramic pebble mass may be small when compared to the need for large and/or 
complex air and oxidant gei duct and pebble handling and distribution networks. 

In the sizing calculations, the pressure drops across the pebbles In the two 
chambers were chosen to match the pressure drops across the checker matrix In 
the fixed bed regenerative heater system. The calculated depths were based on 
uniform flow of gas and solids throughout the beds; practical considerations 
would result In deeper beds due to additional entrance and exit regions required 
to establish uniform flow distributions. Operating with a somewhat larger 
pressure drop Is conceivable, and this would also result In deeper pebble beds. 
However, the total heater system bed area can not be as small as In the fixed 
bed heater. This Is because the flow resistance In a pebble bed Is signifi- 
cantly greater, and the pressure gradient will exceed the pebble weight gradient 
and float the pebbles If the area becomes too small. (Larger pressure drops 
would be possible If a fluidized bed concept were used.) Thus the length/ 
diameter ratio can be significantly Increased only by Increasing the number, and 
thus decreasing the diameter, of the Individual heaters. A heater having the 
general appearance Indicated by Fig. 21 could only be achieved by using a very 
large number of heaters In the overall system. 

The unusual shape of the heater for this application points to the conclusion 
that the moving pebble bed heater may not be t-ell suited to an application In 
which the entire gas flow must pass through the heater system. Thus the con- 
figuration most suited for this application appears to be one In which only a 
portion of the total gas flow would be utilized to heat the pebbles. This would 
result In a more attractive system from the standpoint of physical shape and 
arrangement. 

The potential advantage of particulate removal by the circulating pebbles would 
be traded for the corresponding need to clean the pebbles as well as for poten- 
tial fouling of the heated oxidant by particulate matter carried Into the oxi- 
dant heating chamber by the pebbles. 


74 


MHD Gas 
Out 


G.JiGINAL 
OF POOR 

Warm Pebbles 



PAGE 

quality 


FIGURE 21 


SCHEMATIC ARRANGEMENT OF MOVING PEBBLE 
BED CONCEPT FOR MHD INTERMEDIATE 
TEMPERATURE OXIDANT HEATER ARRANGEMENT 



4.2.3 Significant Design Considerations 


Several significant design considerations In adapting the mrvlng pebble bed con- 
cept to this application were considered. These considerations include: 

1) the need to provide a pressure seal between the oxidant in the lower 
chwiber and the MHO gas In the upper chamber; 

2) the need to accoomodatc the large particulate loading of the MHO exhaust 
stream; 

3) the need to minimize attrition of, and hence the need to replenish the 
supply of, the ceramic pebbles; 

4) the need for uniform movement of the recirculating pebbles, 

5) the need for uniform distribution of the MHO gas and oxidant through the 
pebble beds; 

6) the need for a conveying system to transfer the pebbles from the lower 
chamber to the upper chamber; and 

7) heater system heat losses and attendant insulation needs. 

The most serious problem appears to be the pressure seal between the two cham- 
bers. In this application, a pressure difference of 5 atm must be maintained 
while continuously allowing the flow of ceramic pebbles at temperatures In ex- 
cess of 1140 K (1600 F). T. ? moving pebble heater applications discussed In 

Section 4.1 required balanceo pressures In the two chambers In order to elimin- 
ate this problem. 

Some pressure difference may be tolerated since the pebbles In the throat region 
between the chamb-*rs will act as a labyrinth seal. Information from Prof. 
Brzozowski Indicated that a pressure difference of 290 Pa (.04 psi) could be 
tolerated In the Polish heater design. A calculation showed that an acceptably 
low leakage rate for the MHO applicat<on would be achievable with a throat sec- 
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t^on having a length of 23 m (77 ft) with 25.4 mm (1 in) diameter pebbles. 
Throats with somewhat smaller lengths could be used if the diameter of the 
pebbles were decreased. Since a narrow throat of such a large length clearly 
would not be practical, merely relying on a labyrinth seal will not provide a 
practical solution to the pressure difference problem. 

An arrangement which includes lock hoppers above and below the oxidant heating 
chamber is shown in Figure 21. It should be noted that the need to pressurize 
and depressurize the lock hoppers and the intermittent nature of the pebble flow 
resulting from their use will cause some departure from idealized continuous 
flow, resulting in flow, pressure, and temperature variations as in the fixed 
bed regenerator case. These variations would be expected to be smaller for the 
moving bed regenerator than for a fixed bed regenerator. 

A pressure seal concept for a moving pebble bed heater was developed *t the 
French Atomic Energy Commission by Dr. Yerouchalmi and colleagues. This concept 
is described in two French patents (Refs. 62 and 63) and illustrated in Figs. 22 
and 23, which are extracted from the patents. It involves the use of pairs of 
refractory-faced disks, essentially constituting a high temperature double lock 
hopper arrangement, above and below the air heating pebble chamber. This con- 
cept 'as not applied to the Polish heater since there was no pressure difference 
between chambers. The concept could conceivably be developed for the MHO appli- 
.ation. The inclusion o^ Figs. 22 and 23 is intended to illustrate that work 

has been done in this area and that at least one potential pressci e seal concept 
exists. 

A pressure seal utilizing rotary airlock or lock hopper concepts based on work 
in othe- areas could also conceivably be developed for the MHD application. 
Applications with similar needs to the moving pebble bed are coal conversion 
equipment and pressurized fluidized bed boilers (P^8). Lockhoppers are con- 
sidered state-of-the-art equipment in coal conversion systems (Ref. 64), 
although the temper at-^re levels experienced are not generally as high as for the 
moving pebble bed requirement. 
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FIGURE 23. PRESSURE SEAL CX5NCEIPT (Fran Reference 







Coal conversion equipment involves a number of requirements for transfer of solids 
into or out of a hot, high pressure region. An extensive program of development 
by DOE Morgantown Energy Technology Center (METC) is underway to meet these needs 
(Ref. 65). 

One of several types of valves under development in this work is classified as 
Type Ill-discharge side, dry solids, 590 to 1370 K (600 to 2000 F). The desired 
pressure levels for valves of this type range from 0.24 to 11.1 MPa (20 to 1600 
psig). Certain Type III valves would thus meet the needs of the moving pebble 
bed. Valves suitable for the moving pebble bed application are still under 
development in the OOE/METC program (Refs. 65, 66). Information from Ref. 66 
indicates that the "state-of-thc-i''rt" of lockhopper valve service has increased 
from a life of 50C cycles at pressures up to 3.5 MPa (500 psig) and temperatures 
of about 590 K (600F) in 1976-1977 to a life of 15,000 cycles at 7.0 MPa (1000 
psig) and 810 K (lOOOF) in 1980. Progress in this development program may 
result in making the lock lopper concept feasible for use as the pressure seal 
in a moving pebble bed heater. Increased temperature capability to roughly 1140 
K (1600F) would be required. 

Future developments in PFB technology may also provide useful concepts for the 
required pressure seal. In a pressurized fluidized bed combustor, ash must be 
removed from the combustor at conditions of about 1140 K (1600 F) and 10 atm. 
For some PFB pilot plant concepts, it is proposed that the ash be cooled before 
removal; while in other concepts, it is proposed that the ash be removed without 
pre-cool ing. 

The second major concern is fouling of the pebbles due to the particulate matter 
in the MHO gas stream. However, due to the abrasive action of the recirculating 
pebbles, the bed may tend to be self-cleaning. Some cleaning procedure may be 
required, however, before the pebbles are returned to the MHD gas chamber. A 
simple method of cleaning, such as passing the pebbles over a vibrating screen, 
as used with the recirculating granular bed in Ref. 54, would probably be suf- 
ficient . 

The degree to which particles collect on the pebbles represents an advantage as 
well as a disadvantage, as discussed above. Particulate removal from the MHD 
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gas stream will result in a reduced particulate loading in downstream components; 
however, reentrainment in the lower chamber will tend to foul the oxidant stream. 
Since the particles are expected to be very small, as discussed in Section 2.1 
most of the particles will likely pass through the upper chamber with the MHD 
gas stream. However, due to the meandering flow path and the small gaps between 
► pebbles, some deposition is virtually certain to occur in this case, as opposed 

to the fixed bed regenerator and ceramic recuperator. Smaller pebble sizes will 
tend to increase the amount of particulate matter collected in the upper chamber. 

With regard to pebble wear, a sufficient degree of abrasion resistance will be 

required in order *' i^ssure economical operation of the heater. Experience with 
the Polish heate ujing relatively inexpensive 96t alumina pebbles showed that 
replacement of approximately 25X of the pebbles would be required for each 6000 
hours of continuous operation. For the heater size determined for this applica- 
tion, inis would amount to replacement of roughly 111,000 kg/yr (245,000 Ibm/yr) 
if the plant operates for 6000 hours, which is 68X availability in a year. The 
cost of this type of pebble is expected to be on the order of $2-3/kg 

($1-1 .5/lbm) . An analysis of economic factors was not made as part of this 

engineering assessment. Such an analysis would be needed to make judgements as 
to the viability of the moving bed concept, and the above information will be 
useful for that purpose. 

Promoting uniform movement of the solids and gases through the system represents 
a design consideration due to the anticipated shallow bed depths. These con- 
cerns are expected to require significant engineering effort if a practical 
design is to be developed. 

The conveyor system also represents a design consideration. A pneumatic con- 
veying system was initially used with the Polish heate’'. This system caused 
problems related to dust accumulation and fluctuations in the delivered air 
pressure and was replaced with a mechan^'al conveying system. The conveying 

system is not expected to ca-se major difficulties due to the extensive 
industrial experience with solids conveying, and a pneumatic system should not 
be ruled out. However, concern related to heat loss from the "warm" pebbles in 
the conveyor may require novel design features. 
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Heat losses from the heater system may be a concern due to the unusual shape of 
the heater system if a complex ducting system is required. To avoid attrition 
from the recirculating pebbles, insulation in the heater vessels will require an 
interior layer of material with sufficient abrasion resistance at the operating 
temperature. Insulating linings of relatively dense, abrasion resistant, 97< 
alumina have been used successfully in the Polish heater. The concept is to 
assure that the linings are more abrasion resistant than the pebbles, since 
replenishing the supply of pebbles is much less costly than replacing the vessel 
lining. Thus if highly abrasion resistant pebbles would be used, an even more 
abrasion resistant material would be required for the vessel linings. The 
internals of the pressure seal will also require abrasion resistant materials 
capable of withstanding the required temperature levels. Insulation backing the 
abrasion resistant linings should not present any unusual problems. 

4.3 Areas of Further Investigation 

The pressure seal between chambers is critical in applying the moving bed heater 
to a MHD plant for oxidant preheat. Pressure seal concepts, especially those 
cited in this report, should be investigated to determine if a workable design 
is possible. If a workable design is possible, then further investigation of 
the degree of particulate collection expected to occur in the upper chamber and 
of methods for promotion of uniform solid and gas movement should be made. We 
feel that the other design considerations discussed in this report do not repre- 
sent technical barriers to using the moving pebble heater. 

An economic evaluation of the heater system should also be made to determine 
whether this type of heater would be economically viable. 
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5.0 HEATER SYSTEM MODIFICATIONS DUE TO LIQUID PARTICULATE MATTER IN MHD GAS 
STREAM 

Qualitative changes that would be required for the three types of heater systems 
if liquid particulate matter were present in the MHD gas stream were considered. 
The major design considerations for this case and the resulting qualitative 
changes for each heater type are discussed in the following sections. 

5.1 Design Considerations For Liquid Particulate Matter 

If the temperature of the MHD gas at the inlet to the heater system were 
increased from 1294 K (187Q F) to 1367 K (2000 F), the heater requirements would 
be more severe due to the presence of liquid particulate matter. It is assumed 
that the liquid particulate matter would consist only of the potassium seed com- 
pounds, since Montana Rosebud Ash would be solid and dry at this temperature 
level. As discussed in Section 2.1, solid particles entering the heater system 
in the former case are expected to be very small. Similarly, it is expected 
that liquid particles in the latter case will be very small at the entrance to 
the heater system. However, as these liquid particles pass through the ducts 
and heat exchanger modules, some particles will deposit on duct walls and heat 
exchanger surfaces. This is a major difference from the dry, solid particulate 
case. 

The major design considerations which arise in the liquid particulate case are: 
1) the need for corrosion resistant materials, 2) deposition of the liquid par- 
ticulate matter and solidification from the liquid phase on heat exchanger sur- 
faces, and 3) the higher temperature level to which the heater materials would 
be exposed. 

The first major design consideration is that liquid and vapor phase corrosion by 
potassium compounds are sev* •’e for most materials. Thus, the presence of liquid 
seed compounds (and the associated vapors) would require that corrosion resistant 
materials be used in each of the three heater types, at least in parts of the 
heater systems. Such materials would in all cases be more expensive than 
materials which can be used if only dry, solid particulate matter is present. 
As discussed above, however, at a temperature of 1367 K (2000 F) Montana Rosebud 
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ash would still be in a dry, solid state. Thus, corrosive conditions may not be 
as severe as would be the case at a somewhat higher temperature where the a*h 
would also be in the liquid state. 

The second major design consideration is that liquid particulate matter entering 
the heater system would solidify in the heater system itself as the temperature 
of the MHO gas stream is reduced. Solidification of liquid particles which 
remain entrained in the gas stream does not represent a concern. However, the 
large heat transfer surface area would promote deposition and subsequent agglo- 
meration of the small particles into larger particles and eventually formation 
of a liquid film on the heater surfaces. This liquid would then soliulfy as the 
gas, liquid, and/or heat exchange surfaces move through the heat exchanger and 
the MHO gas temperature and the temperature of the deposits decrease. This 
would probably foul the heater and necessitate some form of pe''iodic cleaning in 
order to operate the heater. The need to deal with this problem would also 
increase the cost of all three types of heater systems through such factors as 
increased heater flow passage 'i . cr spacings to accommodate some degree of 
deposition, addition of mehanical clpjn’ni hardware, increased material tem- 
perature and/or strength requirements to accommodate thermal cleaning methods, 
or increased operating expenses due to the addition of fluxing or cleaning 
agents. 

Again, i’’ should be noted th>t the lack of liquid ash particles would make the 
1367 K (?000 F) temper atu»-'" Case ’?^<s severe than a higher temperature, in which 
case 'iquM ash Otf'-»^>ules would also solidify on heet exchanger surfaces. This 
is ber- P‘ f’.^jsium compounds which solidify from the liquid phase form a depo- 
^ * which probably could be removed relatively Coi ly by mechanical or thermal 
m» .ns in certain situations, whereas ash solidifies to a hard glassy deposit 
whose removal would be considerably more difficult. 

The third major design consideration is that the increased temperature level 
would require the use of more insulation and possibly higher grade insulation 
(having greater service temperature limits or strength) in some locations, apart 
from the corrosion question. This would also increase the cost of the heater 
system, although the effect would be much smaller than the two previously men- 
tioned considerations. 
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5.2 Qualitative Heater System Changes 

The qualitative changes in each of the three heater types which would result 
from the presence of liquid particulate in the 1367 K (2000 F) MHO gas stream 
entering the heater system are discussed in the following. For each type of 
heater, consideration was given to materials selection, flow passage size or 
heat exchanger geometry, heater size, heater system cost, and operation and 
maintenance procedures. 

5.2.1 Fixed Bed Regenerative Heater 

The fixed bed heater conditions would be similar in some respects to those of 
the directly-fired high temperature air heater (HTAH) under development for 
advanced MHO plants (Refs. 67-70). Corrosion resistant materials similar to 
those proposed for the directly-fired HTAH would be suitable. The problem of 
deposition of seed/ash material in the heater flow passages would be easier to 
deal with due to fact that the ash material would be in a dry, solid form. 
However, the relatively low temperature of the HHD gas entering the heater 
system would require a somewhat different approach for cleaning the flow pass- 
ages using thermal methods. 

The concept presently envisioned for preventing deposits in the HTAH is to allow 
the entire heat storage matrix to reach a temperature greater than the seed 
melting point during each regetierative cycle, thus allowing deposits to flow 
from the matrix. Tests have demonstrated the ease of removal of potassium 
sulfate material from the HTAH using this method (Refs. 67,68). The HTAH will 
probably require the use of different materials in various vertical locations in 
the matrix in addition to this thermal cleaning technique. This is because dif- 
ferent cored brick matrix materials appear to retain ash deposits to varying 
degrees when the ash solidifies from the liquid phase in the heater (Refs. 
69,70). This requirement would not exist in the case of a 1367 K (2000 F) MHO 

gas inlet temperature. 

Heating the entire heat storage matrix to a temperature ‘‘ssentially equal to the 
MHO gas temperature woulo not be feasible. Therefore, a somewhat different 
applicat on of the thermal cleaning method would be required. 
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Two other thermal cleaning methods are suggested. With one method, an auxiliary 
combustor could be provided to periodically heat the individual heaters to a 
temperature sufficient to achieve the necessary deposit removal. This combustor 
would probably need to be fired by a clean fuel in order to avoid ash deposi- 
tion. However, the necessary temperature level of the "cleanout" combustor 

could result in melting of the previously dry, solid ash particles thus creating 
conditions similar to those in a HTAH, and requiring similar removal methods. 

These methods are still under development, and once developed the use of the 

intermediate temperature heater may be less attractive than implementing a HTAH. 

A second approach for removing or preventing buildup of deposits of seed 
material would be to introduce the MHO gas into the heaters from the bottom 
rather than the top, and introduce the oxidant from the top. This would result 
in an increasing thermal gradient, and thus decreasing seed material viscosity, 
in the downward direction, promoting ready drainage of seed material from the 
heaters. This approach would require development of a matrix support capable of 
withstanding temperatures up to almost 1367 K (2000 F). Concepts fcr such 

matrix supports are being studied and tested in the HTAH development work (Refs. 
67-70). A»?ain, once such a support concept has been developed, implementing the 
HTAH may be the most attractive approach. However, in this case, the lack of 
sticky ash particles may yet provide an advantage over the HTAH. 

The various aspects involved in adapting the fixed bed regenerative type heater 
to the liquid particulate case using one or the other of the above methods are 
discuused in the following. Incorporation of a mechanical method for cleaning 
the heater system is also possible but was not considered in this study, since 
the thermal cleaning methods are felt to be more practical. 

Materials 


Magnesia alumina spinel materials suitable for use in the lowest temperature 
regions of the HTAH have been shown in the HTAH development work to have good 
corrosion resistance in the MHD gas environment (Refs. 67-70). Fabrication nf 
the checkers and matrix support components from spinel materials capable uf 
being used at the relatively low, 1367 K (2000 F) service temperature woulo rot 
pose a difficult problem. Spinel castable materials are available for use in t.ie 
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j duct and vessel linings. Thus material selection is not a barrier to the liquid 

|- particulate case, although the spinel material would be considerably more expen- 

sive than the material proposed for use in the dry, solid particulate case. 

Flow Passage Size 

The size of the flow passages could be increased to allow some build up of 
material between cleaning periods. This would probably dictate the use of a 
"standard” refractory checker rather than the "high efficiency" checker proposed 
in the conceptual design, which would increase the flow passage size by a factor 
of about 1.5. Using the MHO gas upflow method may prevent build up of deposits 
however, and thus allow use of similarly sized flow passages as in the dry, 
solid particulate case. 

Heater Size 


The requirement for a high temperature matrix support would probably limit the 
diameter of the individual heaters to a value less than proposed in the concep- 
tual design, due to the more severe matrix support requirement. A smaller 
allowable heater size would necessarily increase the number of heaters in the 
system. For example, a matrix diameter limit of 4.3 m (14 ft) would result in 
an increase in the number of heaters from 4 to 14. The increased temperature 
would result in the insulation layers being somewhat thicker. 

Heater System Cost 

All of the design considerations for the liquid particulate case would result in 
increased costs for the heater system. The cost of the spinel materials would 
be expected to exceed the cost of the material proposed in the conceptual design 
I by factors of about 6 for the checkers and matrix support and about 3 for the 

innermost castable layer. A larger number of heaters would require a larger 
number of smaller steel vessels, MHD gas and oxidant ducts, and flow sequencing 
valves. All things considered, an increase in the heater system cost by a fac- 
tor of 2 or 3 would be expected. 
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It was assumed in the conceptual design for the dry, solid particulate case that 
no special operating procedures would be required to prevent accumulation of 
deposits. For the liquid particuiate casa, operating procedures as discussed 
above would be required. 

Maintenance needs would also be increased due to the presumably la'^ger number of 
heaters and associated sequencing valves. Since the valve sizes would be some- 
what smaller, the valves may be easier to fabricate and maintain. However, 
valve, duct and valve refractory lining and refractor checker service life •.vou'id 
be shorter due to the more severe conditions. 

5.2.2 Ceramic Recuperative Heater 

Adapting the ceramic recuperative heater concept to the liquid particulate case 
would require replacement or protection of the silicon carbide proposed for use 
in the conceptual design since this material is highly susceptible to corrosion 
by liquid potassiuin compounds. Deposits would most likely form on the tubes, 
and provision for removal of these deposits would be required. The metallic 
flow baffle in the heat exchanger modules and the duct insulation materials 
would also require replacement or protection from the liquid potassium com- 
pounds. Several possible schemes for designing the ceramic recuperative heater 
to meet these objectives were considered. 

The most direct approach would be to use seed-resistant materials for the heat 
exchanger tube and maiiifold assembly, the flow baffle, and the duct lining. 
Seed resistant castable materials exist which could be used for the flew baffle 
and duct linings. However, ceramic tube manufacturing and joining capabilities 
for materials other than silicon carbide are minimal, and even greater develop- 
ment efforts would be required than those required to produce the silicon car- 
bide assembly proposed for the conceptual design, also, the use of a castable 
flow baffle in the heat exchanger modules could inhibit the expansion capability 
of the tubular assembly and cause significantly greoter stresses in the tubes. 

Other concepts would maintain the silicon carbide tubes, but require protection 
of the silicon carbide from the 1 iquid-particul ate-oearing MHO gas. This pro- 
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tection could be provided by adding a radiant heat transfer section upstream of 
the tube bundle or by recirculating a portion of the MHO gas from downstream of 
the tube bundle to the upstream MHO gas. These methods would decrease the tem- 
perature at the Inlet to the tubular section of the recuperator to the 1294 K 
(1870 F) level where the particulate would be dry and solid. In the case of 
recirculating the MHO gas flow, however, the oxidant outlet temperature could 
not be Increased as much over the conceptual design level of 1144 K (1600 ) as 
In the case employing a radiant heat transfer section. 

A radiant section could be constructed using silicon carbide tubes protected by 
a film of clean gas or by a protective tube or lining of seed-resistant 
material. It should be noted that the particulate matter may tend to agglo- 
merate more and result In larger particles than would be the case If all of the 
gas cooling were performed In the upstream egulpment due to the presumably dif- 
ferent surface/volume ratio and cooling rate resulting from a number of smaller 
sections. This could require additional modifications to the heat exchanger 
modules proposed in the conceptual design. 

The various considerations associated with these concepts for adapting the ceram- 
ic recuperator conceptual design to the liquid particulate case are discussed In 
the following paragraphs. 

Materials 

As In the case of the fixed bed regenerative heater, magnesia alumina spinel 
materials would be the likely choice. Straight spinel tubes have been fabri- 
cated, but U-tubes and joining techniques have not been developed. The thermal 
conductivity and mechanical strength of spinel are also considerably lowtr than 
those of silicon carbide. This would require thicker tubes with associated 
higher thermal stresses, making tube failure more likely. A much larger mass of 
tjbe material would also be required. 

One possibility would be to use straight spinel tubes to pass through the MHO 
gas and join these tubes to silicon carbide manifolds and U-tubes located exter- 
nal to the MHO gas stream. Since the thermal expansion coefficients for the two 
materials differ by roughly a factor of 2, however, this would require 
challenging joining technology development. 
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Spinel castables are available for use at the required service temperatures and 
could be used for the necessary duct liners. 


Tube Spacinc 


If the liquid particulate Mere allowed to enter the tube bundle, i.e. if an 
upstream cooling section were not added, larger tube spacing than proposed in 
the conceptual design in Section 3.2 would be required to allow space for some 
buildup of deposits between periodic cleaning by mechanical or thermal means. 
Somewhat larger spacing thiin in the proposed conceptual design would probably be 
required even <f an upstrea;< section were included to cool the MHO gas. This is 
because the particles may tend to be larger in this case than if all cooling 
were done in the upstream equipment, as discussed previously. The required tube 
spacing would not be as large as if liquid particulate matter would be present 
in the tube bundle itself. 

Heater Size 


ft 


The heat exchanger modules would need to be larger to accommodate increased tube 
spacing or an upstream radiant or mixing section. Somewho* thicker insulation 
layers in the ducts and vessels would also be required due to the higher tem- 
perature level. 

Heater System Cost 

All of the factors considered would tend to increase the heater system coot. 
Estimation of the increase is difficult due to the uncertainty in cost of spinel 
tube assemblies and the various upstream MHO gas cooling possibilities, but an 
increase similar to that expected for the fixed bed heater (a factor of 2 or 3) 
would seem reasonable for adapting the ceramic recuperator conceptual design to 
the liquid particulate case. 

Operation and Maintenance 

Provision for sootblowers or some method of thermal cleaning, such as periodi- 
cally heating the tubes by reducing the oxidant flow or by using an auxiliary 
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combustor, would be required if liquid particulate matter enters the tube 
bundle. If a radiant section were added to cool the MHO gas upstream of the 
tube bundle, provision for removal of at least some seed material in this sec- 
tion would be required. If recirculation of the MHO gas were used, the 
necessary valves, mixers, and controllers would also be required. 

Due to the added complexity of the system, and the increased likelihood of ceram- 
ic tube failure if spinel tubes were used, maintenance requirements would be ex- 
pected to increase. 

5.2.3 Moving Bed Regenerative Heater 

The meandering or labyrinth type flow path required of the MHO gas in this case 
wil. certainly result in accumulation of seed material on the moving pebbles. 
In V sw of the difficulty envisioned in promoting proper pebble movement even 
without the added complexity of accumulation of seed material, this additional 
factor poses a serious concern as to the technical feasibility of using a moving 
pebble bed heater in this case. However, the fact that all of the pebbles are 
physically removed from the heater vessels and are thus accessible for con- 
tinuous cleaning may mitigate this concern and make the moving pebble bed viable 
in the liquid particulate case. 

The various aspects involved in adapting the moving pebble bed heater to the 
liquid particulate case are discussed in the following. 

Mater i als 


Magnesia alumina spinel pebbles and spinel castable materials or bricks for duct 
liners, vessels and lock hopper valve linings, and other components of the 
heater system should be acceptable for use to prevent corrosion from potassium 
compounds. Sufficient strength and abrasion resistance should be achievable but 
the cost of these materials will be higher than materials which would be satis- 
factory in the absence of liquid particulate. 


Pebble Size 


Larger sized pebbles vould possibly be required to provide larger spaces between 
pebbles to allow for some accimulation of material. 

Heater Size 


Since the size of individual heaters will probably be dictated by the distribu- 
tion and flow requirements of the pebbles and gas, the presence of liquid par- 
ticulate would probably not significantly affect the size of an individual 
heater. However, since the total volume of pebbles required will increase if 
the pebble size is increased, additional heater modules would probably be 
required. 

Heater System Cost 

Since a conceptual design and cost estimate were not made for the moving pebble 
bed heater as part of this study, no estimate of additional cost for the liquid 
particulate case was made. The various factors, including different materials, 
additional heater modules, and pebble cleaning equipment, will tend to increase 
the cost of the heater system. 

Operation and Maintenance 


Pebble cleaning will certainly be required in this case. Mechanical cleaning 
before transporting the pebbles into the MHO gas chamber would probably be 
required. Mechanical cleaning of the pebbles would be easier than mechanical 
cleaning of the fixed bed heater or the ceramic recuperator due to the accessi- 
bility of the pebbles. Periodic thermal cleaning of the pebbles with an auxi- 
liary combustion system may also be feasible. 

Maintenance needs would be increased due to the additional complexity and 
increased potential for fouling various components of tlie heater system. 
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6.0 TECHNICAL AND ECONOMIC COMPARISON OF ALTERNATIVES 


6.1 Technology Status of Heater Concepts 

Of the three heater types investigated, tie conceptual design of the fixed-bed 
regenerative heater system is the closest to being based upon current tech- 
nology. The ceramic-tube recuperative heater system conceptual design is based 
upon an extrapolation of current technology both in terms of system flow capa- 
city and ceramic-tube manufacturing capabilities. The moving-bed regenerative 
heater system would reguire a development program since heaters of this type 
which meet the MHO system requirements have never been constructed, and several 
design features may require innovative approaches. 

6.1.1 Fixed Bed Regenerative Heater System 

The fixed-bed regenerative type of heater design is derived from blast furnace 
stove technology and practice which is well established in the steel industry. 
The principles are well known and similar units have been built and operated. 
The dust-loading in the MHO application is more severe than in present commer- 
cial practice, but does not appear to present insurmountable problems. An 
extensive MHO high temperature air heater (HTAH) development program has been 
underway for several years. Many of the conditions for the HTAH testing appara- 
tus have been much more severe than for the intermediate-temperature oxidant 
heater (ITOH) application and it has been demonstrated that solutions can be 
found to many of the features unique to the MHD application. The valves spe- 
cified in the fixed bed regenerative heater system conceptual design are larger 
than those which are currently available commercially. This raises questions 
concerning the estimated costs of the valves and the confidence that such valves 
can be manufactured within a reasonable time frame. However, the system design 
can be modified to include a larger number of vessels requiring smaller valves. 

6.1.2 Ceramic - Tube Recuperative Heater System 

Industrial processes presently exist which utilize ceramic-tube recuperative 
heaters (e.g. steel soaking pits) under conditions in which the pressure dif- 
ferential between the two heat-exchange fluids is minimal. The MHD ceramic-tube 



recuperator conceptual designs are derived from concepts proposed under a pro- 
gram now underway to develop ceramic-tube recuperators under high differential- 
pressure conditions for such applications as gas turbines or coal gasification 
plants. To build such a heater system for the MHO ITOH application would re- 
quire 1) a considerable increase in system dimensions and 2) the design and 
construction of manufacturing facilities to produce the ceramic tubing in much 
greater lengths than in presently available facilities. The technological con- 
siderations involved in doing this were not investigated. The economic feasibi- 
lity of designing and constructing such manufacturing facilities also depends 
upon the existence of a sufficient market demand. 

6.1.3 Moving Bed Regenerative Heater System 

The use of the moving-bed regenerator concept has seen limited application in 
the chemical process industry. However, for these applications, there is no 
pressure differential between the two heat exchange fluids. Furthermore, there 
are no programs currently underway to develop a moving-bed regenerator which 
will operate with a large pressure differential. Due to limitations in the 
scope of this investigation, it v*as not possible to fully explore the technical 
feasibility of the moving bed regenerator concept. The necessity to provide a 
pressure seal was identified as the major design problem. Although no specific 
solution is identified, there are several technological areas (e.g. coal gasifi- 
cation and pressurized fluidi zed-bed combustion) in which similar problems 
arise. It is possible that the solution to the moving-bed regenerator pressure 
seal question can be derived from solutions developed for one of these other 
technologies. In summary, it is not clear to what extent the major technical 
problem areas for the moving-bed concept are amenable to solution. 

6.2 Performance of Heater Systems 

All three heater types (as conceptually proposed) meet the design requirements 
of delivering preheated oxidant at specified conditions of flow rate, pressure 
and temperature, however, only the ceramic-tube recuperator meets the specified 
conditions on a constant and continuous basis. The temperature of the preheated 
oxidant delivered by the fixed-bed regenerative heater system varies periodi- 
cally, having a cycle time of approximately ten minutes. The delivered oxidant 
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pressure and flow rate are constant for portions of the cycle, but exhibit 
impulsive changes periodically. Thus the fixed-bed regenerative heater system 
is able to meet the design specifications only on a time averaged basis. 
Determination of the effect of the time-variations of the oxidant temperature on 
the performance of the other MHO plant components (combustor, MHD generator, 
etc.) was beyond the scope of this study. If it were to be determined that the 
magnitude of the temperature fluctuation associated with the conceptual design 
is excessive, design modifications would be reguired to reduce the magnitude of 
the fluctuations to an acceptable level. 

Another facet of the periodic nature of the fixed-bed regenerator operation is 
that a small amount of mixing of the two fluid streams occurs when the flows to 
each of the vessels is switched from one fluid to the other. The result is that 
a small amount of MHD exhaust gas periodically enters the oxidant stream and a 
small amount of oxidant periodically enters the MHD gas stream. Continuous 
leakage of oxidant through the valves into the MHD exhaust gas stream also 
occurs at a small rate. Such flow-stream mixing is taken into account in the 
conceptual design of the fixed bed regenerative heater system. However, the 
effect which the mixing has on the other MHD plant components has not been 
determined. 

The moving bed regenerative heater system was only investigated to a limited 
extent and the deviations in preheated oxidant conditions with respect to time 
were not determined. Several of the potential methods of providing a pressure 
seal (e.g. lock hoppers) may introduce periodic disruptions in the continuous 
output of preheated oxidant. However, the magnitudes and cycle times of such 
disruptions were not determined. The possibility of particulate matter 
carryover from the MHD gas to the oxidant stream would likely ccur to a greater 
extent for the moving bed heater than for the other two types of heaters, but 
the magnitude of such carryover and the effect it would have on the MHD plant 
performance and operation were not determined. 

The heat loss for the fixed-bed regenerative system was estimated to be 4.S% of 
the heat duty while that of the ceramic-tube recuperator system was estimated to 
be 6.4%. Both of these values are considered to be within acceptable limits. 
Tradeoff studies of heat loss versus system cost were not made because of the 
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limited scope of the study. Such optimization would have only a minor effect on 
total system cost. 

6.3 Reliability and Maintenance of Heater Systems 

6.3.1 Fixed Bed Regenerative Heater System 

The components of the fixed-bed regenerative heater system which are most likely 
to fail or to require maintenance are the sequencing valves. If the failure or 
maintenance requirements of a valve is extensive, it may be preferable to 
replace the existing valve with a spare to minimize the shutdown period. This 
would require the acquisition of spare valves, which is an additional expense. 
Special previsions for valve replacement are required (e.g., hoists) since the 
valves are very large. F’.uiDyne has estimated a 10 to 15 year lifetime for the 
sequencing valves and 15 to 20 years for refractory checkers and vessel and duct 
linings. Therefore, each valve will require replacement (with a new or refur- 
bished valve) every 10 to 15 years and replacement of the refractory matrix in 
the vessels ard refractory insulation in the vessels and ducting is expected to 
be required every 15 to 20 years. Replacement of valves and refractory 
materials can oe performed during scheduled plant outages. 

In accordance with the original design specifications, th“ conceptual design of 
the fixed-bed heater is based upon the utilization of all of the vessels in the 
system in order to meet design requirements. If a single vessel must be tem- 
porarily taken out of service for maintenance (e.g. for refractory replacement 
or repair), the remaining vessels can still be utilized and the power plant can 
be operated at part-load capacity until the plant is shut down for service. If 
this is deemed to be an unacceptable condition, the design specification could 
be modified to require the system to be designed so that the full required pre- 
heat capacity can be temporarily provided by the remaining vessels when one of 
the vessels is taken out of service. 

6.3.2 Ceramic - Tube Recuperative Heater System 

The ceramic-tube recuperative heater system conceptual design requires that all 
of the heater modules be in operation in order to meet design conditions. That 
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is, there are no spare modules and there is no excess capacity incorporated into 
the system. Furthermore, there is no provision for isolating any of the modules 
to enable a module or a bank of modules to be taken out of service for repair 


work without having to shut down the plant. Due to the limited scope of this 
investigation, no assessment has been made of the possible types of heater 
failures, their probabilities of occurrence anc effects of such failure^, it is 


presumed that the system can continue to operate if there are minor tube 
failures. However, if such an assessment were to reveal that the overall plant 
availability is severely compromised by the present conceptual design, it would 
be necessary to modify the design to include spare modules or extra heat 
exchange capacity and a means for isolating modules or banks of modules. The 
isolation would be required for both the MHD gas side and the oxidant side of 
the modules. Although the lifetime of the refractory insulation has been esti- 
mated to be 15 to 20 years, no assessment has been made of the expected lifetime 


of the ceramic tubing. 


6.3.3 Moving Bed Regenerative Heater System 


The moving bed regenerative heater system has not been investigated in suf- 
ficient detail to identify the major reliability/maintenance factors. The 
pebbles are expected to undergo attrition so that provision must be made for 
periodic replacement of pebbles which no longer meet specifications. 
Reliability and maintenance considerations will be important factors in the 
selection of the pressure seal mechanism and the pebble recirculation scheme. 


6 .4 Effects of Liquid Particulate Matter 

In the qualitative investigation of the design modifications reguired for opera- 
tion at higher MHD gas temperatures (where liquid particulate matter would be 
present), corrosion, fouling and clogging due to the formulation of deposits 
were identified as the major effects of liquid particles. The extent and nature 
of the corrosion and fouling would depend upon the MHD gas temperature range. 
Below the ash fusion temperature, the particulate matter can consist of liquid 
seed and dry ash particles. Above the ash fusion temperaturt , the ash particles 
can be sticky or liquified and the seed can be in the form of liquid particles 
(or vapors, above the dew points of the seed compounds). 
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For the two types of heater system for which the conceptual designs have been 
prepared, it has been ascertained that the capital cost of the systems would be 
substantially increased under conditions of liquid particulate matter. 
Furthermore, the uncertainty in the technology status of each of the concepts 
would also increase. To determine whether the addditional cost of the equipment 
would be justified, it would be necessary to conduct a cost-benefit analysis 
which includes the increase in plant efficiency associated with the increase of 
the oxidant preheat temperature. Such an analysis would require a quantitative 
assessment of the effects of liquid particulate matter over a wide MHO gas tem- 
perature range. 

Because of the preliminary nature of the engineering assessment of the movinq- 
bed regenerative heater concept, the effects of liquid particulate matter were 
difficult to determine. One feature of this type of heater may make the moving 
bed concept less susceptible to corrosion, fouling and clogging than the two 
other heater types. This feature is that the necessity to recirculate the 
pebbles offers an opportunity to transport the pebbles to a device in which the 
deposited particulate matter can be removed more easily than it can be removed 
from the surfaces in the matrix of the fixed-bed system or the tubing of the 
recuperative system. Further investigations would be required to validate this 
assertion . 

6.5 Cost Estimates 

The estimated costs for the fixed bed regenerative heater system and the 
ceramic-tube recuperative heater system are shown side-by-side in Table XIV. 
The total cost for the two heater systems are $19,298,000 and $15,824,000, 
respectively. These costs estimates do not include continaencies or the costs 
of transporting equipment and materials from the manufacturing plants to the MHO 
power plant site. They also do not include the costs of spare parts or 
materials. Table XV shows estimated transportation costs per 100 lb. for 
various distances. In an overall economic assessment, the expenditures for 

replacement of valves and refractory materials over the life of the plant should 
be considered as part of the maintenance cost. 


n 


TABLE XIV. SUMMARY OF COST ESTIMATES FOR FIXEO-BED REGENERATIVE 
AND CERAMIC TUBE RECUPERATIVE HEATER SYSTEMS 


Component Description 


Recuperative 

Heater 

Cost Estimate * 
(SlOOO's) 

Heater Vessels (Modules) 



Steel 

1525 

274 

Refractory Insulation (installed) 

596 

294 

Checker Matrix (installed) 

2939 

N.A. 

Matrix Support (installed) 

1552 

N.A. 

Ceramic Header/Tube Assembly 

N.A. 

7460 

Total Vessels (Modules) 

6612 

8028 

MHD Gas and Oxidant Ducting 



(with installed insulation) 

22B3 

3803 

Sequencing Valves 

6548 

N.A. 

Major Expansion Joints and 



Miscellaneous Parts 

462 

348 

Support Structure and 



Foundations 

1639 

600 

Controls and Instrumentation 

877 

- 

Erection and Assembly 



(excluding retractory instal- 



lation but including silicon 



carbide header/tube instal- 



lation) 

877 

3045 

TOTAL HEATER SYSTEM 

vfm 



* The cost estimates in this table do not include costs of transportation 
from manufacturing plant to power plant site and do not include contingency 
costs. See Section 6.5 of text and Table XV for further discussion and 
information. 














The cost estimate for the fixed bed rtqenerative heater system is considered to 
be a "budgetary" cost estimate. In accordance with American Association of Cost 
Engineers (AACE) guidelines, the cost estimate is thus considered to be accurate 
to within plus 30 percent and minus 15 percent. The cost estimate for the cera- 
mic tube recuperative heater system is considered to be an "order-of-magnitude" 
cost estimate and is thus considered to be accurate to within plus 50 perce' ’ 
and minus 30 percent, in accordance with AACE guidelines. 

The conclusions which can be drawn from the cost estimates fall into two 
categories: (a) comparison of the costs of the two types of heater system with 

each other and (b) comparison of the costs of ceramic intermediate-temperature 
oxidant heater systems with alternatives such as the metallic "low-temperature" 
oxidant heater system. With regard to the first category, the ceramic-tube 
recuperator cost estimate is lower than the fixed-bed regenerator cost estimate 
by approximately 1C percent. Although this difference is significant, it must 
be qualified by two factors. First, the cost estimate for the ceramic-tube 
recuperator is based upon a conceptual design which includes no spare modules or 
isolation valves and is therefore of uncertain system reliability. Secondly, 
the cost estimate for the recuperative heater is much more uncertain than that 
of the regenerative heater because of the differences in the technology status 
of the two heater types. The contingency costs which would be added to the costs 
presented in Table XIV should reflect this difference in technology status. 

For the second category of comparisons (b, above), it is necessary tc account 
for the capital cost of the metallic low-temperature oxidant heater as well as 
the difference in power plant efficiency associated with increasing the oxidant 
preheat temperature from the 1200*'^ limit imposed by metallic heaters to the 
1600*F range allowed by the use of ceramic heaters. Thus a comparison of the 
cost of electricity would be required to determine whether an expense of 19 
million dollars for a heater system based on a nearly current fixed-bed heater 
technology or 16 million dollars for a heater system based on a more advanced 
ceramic-tube recuperater technology would be justified relative to the cost of 
the metallic low temperature oxidant heater system. 
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7.0 CONCLUSIONS 


Conceptual designs and cost estimates were developed for the fixed bed regenera- 
tive and ceramic recuperative type heaters. An Installed cost of 519,298,000 In 
1980 dollars was estimated for the fixed bed regenerative heater system. It Is 
felt that the design and construction of this system could be accomplished with 
presently available Industrial materials and technology. 

An Installed cost of 515,824,000 In 1980 dollars was estimated for the ceramic 
recuperative type heater. There Is a much greater uncertainty In this estimate 
due to the uncertain cost of the tubular ceramic components. In contrast to the 
fixed bed regenerator, considerable development as well as expanded manufac- 
turing capabilities would be required In order to produce the ceramic components 
necessary for the recuperative heater. 

The pressure seal between chambers was Identified as the most critical component 
for the moving bed regenerative type heater as a result of the engineering 
assessment which was made. Investigation of tne degree of particulate collec- 
tion by the moving medium and of methods for promoting uniform solid and gas 
movement were also Identified as important de^.^'' considerations bearing on the 
technical feasibility of this concept. An economic evaluation of the moving bed 
heater should be made. 

Significant changes would be required In all three types of heaters if they were 
to be exposed to liquid particulate matter In the MHD gas stream. This ’s due 
to 1) the need for corrosion resistant materials and 2) concerns related to deposi- 
tion of the seed material and solidification from the liquid phase on heat 
exchanger surfaces. The costs of all three types of heaters would be greater In 
this case. 
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8 . 0 Recommendations for Further Investigations 


There are seveal areas of possible further investigation. These areas can be 
subdivided into three categories: (a) assessment of the implications of the 

results obtained in the present investigation; (b) pursuit of some of the 
questions raised in the present investigation and (c) validation of assumptions 
which have been identified as being somewhat uncertain in the present investiga- 
tion . 

In category (a), an overall systen evaluation and economic assessment of an MHD 
power plant should be conducted to determine the benefits achievable from uti- 
lizing a ct-amic intermedi ate-temperature oxidant heater system to achieve 
higher preheat temperatures as compared to a metallic "low-temperature" oxidant 
preheater, as discussed above in section 5.5. Another investigation, which is 
required in conjunction with the fixed-bed regenerative heater system, is the 
et'ect of temperature ripple on the performance of other plant components (e.g., 
cc.mbustc’'. NHD generator) and, hence, on the overall plant performance, as 
discussed in section 6.2. This latter question must be considered in terms of a 
dynamic system performance analysis. 

Under category (b) there are a large number of areas which can be recommended, 
including that of preparing a conceptual design and cost estimate ?f the moving 
bed regenerative heater system, since it appears to be technically feasible from 
an overall viewpoint. Particular attention should be given to the pressure 

seal, since that appears to oe the component of greatest uncertainty. 

The conceptual design of the ceramic-tube recuperative heater is based upon an 
approach proposed by AiResearch (Refs. 45-43) which is onlv one of several 
possible schemes. Other schemes, such as those proposed by Rocketdyne (Ref. 41) 
and Hague International (Refs. 38-40), may also be found to be suitable for this 
application and should be given further consideration. 

As stated previously, the conceptual designs do not represent optimized systems. 
Additional conceptual design work would be required and should include con- 
sideration of alternate configurations and parametric Analyses to determine the 
optimum conditions for operation. Although the prime incentive for conducting 
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such additional work would be the possibility of cost reductions, further 
investigations .nay also reveal that reliability and avai labi 1 i Ity considerations 
would lead to the requirement of additional equipment (e.g., isolation valves 
for the ceramic-tube recuperative heater system) or more costly components 
(e.g., thicker ceramic tubing). 

Since the cost of replacement of valves, refractory materials, ceramic tubing 
and ceramic pebbles over the life of the MHD plant may represent a significant 
cost, further substantiation of the estimates of the lifetimes of these items 

sliould be made. Such estimates can be made on the basis of experience in the 
utilization of such items in other industries such as the steel industry. 

Under category (c), there are several possible investigations in which addi- 
tional data can be developed to provide support for the assumptions made in the 
study or to indicate where adjustments in the assumptions may have to be made. 
One of these areas is that of determination ot the temperature of the MHD gas at 
which the particulate matter in the gas becomes solidified. An accurate deter- 
mination of this temperature would require an extensive experimental testing 
program which would encompass the wide range of variations in the conditions 

which would affect this temperature. However, further work can also be done 

through the use of mathematical modeling techniques incorporating experimental 
data which presently exist. 

Another area in this category is that of the techniques and facilities for manu- 
facturing the ceramic tubing for recuperative heater system. The uncertainty 

regarding the fabrication of the ceramic tubing is the main source of uncer- 

tainty in both the technology status and the cost estimate for this type of 
heater. 



REFERENCES 

1. Bents, D. J., et. a1, "Conceptual Design of the MHD Engineering Test 
Facility," 19th Symposium on Engineering Aspects of MHO, The University 
of Tennessee Space Institute, Tullahoma, Tennessee, June 15-17, 1981. 

2. Hals, F. A., Avco-Everett Research Laboratory, Inc., Parametric Stuiiy 
of Potential Early Commercial MHD Power Plants, 00E/NAbA/OO51-/9/l, 

TTOSA CR-159633, December 19/9. 

3. Marston, C. H., et. al.. General Electric Space Division, Parametric 
Study of Potential Early Commercial MHO Power Plants, DOE/NAbA/Oub^- 


, NASA CR-159634, February 

4. Heywood, J. B. and Womack, G. J., eds. Open Cycle MHD Power Generation , 
^ergamon Press, Oxford, 1969. 

5. Strassburqer, J. H., ed.. Blast Furnace - Theory and Practice, Vol. 1, 
Gordon and Breach Science Publishers, New York, l969. 

6. Szekely, J., ed. Blast Furnace Technology, Science and Practice, 
Proceedings of the C. C. Furnas Memorial Conference on Ironmakinq 
Technology, Marcel Dekker, Inc., New York, 1972. 

7. FluiOyne Engineering Corporation, "Preliminary Design of a Single Air 
Heater Segment Suitable for a Coal Fired Open Cycle MHD System, 
"Progress Report for May, 1975, ERDA Contract E(49-18)-1537, June 1975. 

8. Im, K. H., Patten, J., Johnson, T.R., and Tempelmeyer, K., 

"Condensation and Deposition of Seed in the MHD Bottoming Plant," 18th 
Symposium on Engineering Aspects of MHD, Butte, Montana, June 18-20, 
1979. 

9. Ahluwalia, R. K., and Im, K. H., "Heat Transfer Scaling Laws for MHO 
Channels and Diffuser, "Proceedings of Seventh International 
Conference on MHD Electrical Power Generation , Massachusetts Institute 
of Technology, Cambridge, Massachusetts, June 16-20, 1980, pp. 187-194. 

10. Im, K. H. and Ahluwalia, R. K., "Heat Transfer Scaling Laws for MHD 
Radiant Boilers, " Proceedings of Seventh International Conference on 
MHO Electrical Power Generation, Massachusetts Institute of Technology, 
Cambridge, Massachusetts, June 16-20, 1980, pp. 329-336. 

11. Im, K. H., Ahluwalia, R. K., and Berry, G. F., Analysis of Flow, 
Gas-Particle Radiation, and Particulate Deposition in Radiant Boilers, 


NL/MHD-81-5, Argonne National Laboratory, Apn 

12. .Ariesson, P. C., Eustis, R. H., and Self, S. A., lieasurements of the 
Size and Concentration of Ash Droplets in Coal-Fired MHD Plasmas, 
"Proceedings of Seventh International Conference on MHD Electrical 


Power veneration , Massachusetts Institute of Technology, Cambridge, 
Massachusetts, June 16-20, 1980, pp. 807-814. 


105 


13. Brobst, R. P. Grey, D. A., and McCarron, R. L., "High Temperature 
Corrosion/Erosion in the Effluent from Pressurized Fluidized Bed 
Combustors," 6th International Conference on Fluidized Bed Combustion, 
April 9-11, 1980. 

14. Goodwin, 0. E., Sage, W., and Tilly, G. P., "Study of Erosion by Solid 
Particles," Proc. Instn. Mech. Enqrs., 1969-70, Vol. 184, Pt. 1, No. 

15. 

15. Tilly, G. P. and Sage, W. , "The Interaction of Particle and Material 
Behaviour in Erosion Processes," Wear 16 (1970), pp. 447-465. 

16. Smeltzer, C. E., Gulden, M. E., and Compton, W. A., "Mechanisms of 
Metal Removal by Impacting Oust Particles," Journal of Basic 
Engineering, September 1970, pp. 639-654. 

17. Wiederhorn, S. M. and Roberts, D. E., "A Technique to Investigate High 
Temperature Erosion of Refractories," Ceramic Bulletin, Vol. 55, No. 2 
(1976), pp. 185-189. 

18. Wen, C. Y., and O'Brien, W. S., in Gas-Solids Handling in the Process 
Industries, J. M. Marchello and A. Lomezpiata, ?ds., Marcell Oekker, 
Inc. , New York and Basel, p. 98. 

19. Stringer, J., Ehrlich, S., Slaughter, W. W., and Dolbec, A. C., 
"Assessment of Hot Gas Clean-Up Systems and Turbine Erosion/Corrosion 
Problems in PFBC Combined Cycle Systems," Journal of Engineering for 
Power, Vol. 102, April 1980, pp. 468-475. 

20. Yang, W. , Vaux, W. G., Keairns, D. L., and Vojnovich, T., "A High 
Temperature Pneumatic Transport Line Test Facility," Ind. Enq. Chem. 
Process Des. Dev., Vol. 18, No. 4, 1979, pp. 695-703. 

21. Georgetown University, Washington, D.C., "Industrial Application of 
Fluidized-bed Comoustion," Quarterly Technical Progress Report for the 
Period January-March 1980. 

22. Weiderhorn, S. M., Erosion Behavior of Ceramics, EROA/NSF Workshop on 
Ceramics for Energy Applications, Battel le Memorial Institute, 

Columbus, Ohio, November 24-25, 1975. 

23. Tilly, G. P., "Erosion Caused by Impact of Solid Particles," Treatise 
on Materials Science and Technology, Vol. 13, Wear, Douglas Scott, ed.. 
Academic Press, NY, 1979. 

24. Ruff, A. W. and Wiederhorn, S. M., "Erosion by Solid Particle Impact," 
NBSIR 78-1575, Interim Report, January 1979. 

25. Edeleneau, C., ed.. Materials Technology in Steam Reforming Processes , 
Proceedings of the Materials Technology Symposium held on October 
21-22, 1964 Organized by the Agricultural Division, Imperial Chemical 
Industries, Ltd., Pergamon Press., Oxford. 


26. Gilbert Associates, Inc., The Influence of Oxygen Enrichment and 
Preheat Temperature on a MriD ETV Power Plant , 6A1 Report No. 2221, 
January 1981 . 

27. Gilbert Associates, Inc., Air Preheater Studies for Open Cycle MHO 
Systems , GAI Report No. 21l/, hebruary i98U. 

28. McDonald, C. F., "The Role of the Ceramic Heat Exchanger in Energy and 
Resource Management, ASME Paper 79-GT-106. 

29. Kohnken, K. H. and Russell, N. L., "Calcining Furnace Equipped with 
Ceramic Recuperators to Increase Thermal Efficiency," Industrial 
Healing, July 1980. 

JO. Kohnken, K. H. and Cleveland, J. J., "Development of High Temperature 
Ceramic Heat Exchangers," Industrial Heating, April 1979. 

31. "Heat Recovery - A Technology Whose Time Has Come," Compressed Air 
Magazine, July 1980. 

32. Forster, S., Jaegers, H. and Kleeman, M., "First Experimental Results 
on a Silicon-Nitride Recuperator with Six Heat Exchanger Elements," 

ASME Paper No. 79-GT-70. 

33. Forster, et al, "Development of High Temperature Ceramic Plate-Type 
Heat Exchanger and Burner-Element," ASME Paper 80-HT-61. 

34. Pausch, E. W. , "The Rib Recuperator," Glass, October 1977. 

35. Cleaver, F. W. and Laws, W. R., "BSC's New High-Pressure Ceramic 
Recuperator," Iron and Steel Engineer, September 1977. 

36. Obrzut, J. J., "Hot Blast Gives Cupola New Life," Iron Age, May 30, 
1968. 

37. "Cupola Preheater Generates 1800-1900*F Blast, "Modern Casting, July 
1967. 

38. Bjerklie, J.W. and LaHaye, P.G., "A Practical Ceramic Recuperator 
System for High Temperature Furnaces," Eleventh Intersociety Energy 
Conversion Engineering Conference Proceedings, September 1976. 

39. Most, I.G. and Hagen, H.G., "A Ceramic Heat Exchanger for Exhaust Fired 
Gas Turbine Power Cycles," Twelfth Intersociety Energy Conversion 
Engineering Conference Proceedings, 1977. 

40. Pruce, L.M., "Need for Greater Fuel Flexibility Spurs Gas-Turbine 
Developments," Power, June 1980. 

41. Rockwell International, Rocketdyne Division, "Advanced Coal-Fuel 
Combustor/Heat Exchanger Technology Study," for U.S. Department of 
Energy. 


107 


42. "Ceramic Tube Heat Exchanger Technology," Materials and Components in 
Fossil Energy Applications, DOE Newsletter, No. 29, OOE/ET-0053/29, 
December 1980. 

43. Solar Turbines International, "Joining of Ceramics for High Performance 
Energy Systems," Contract EX-76-C-05-5251. 

44. Solar Turbines International, "Development of a Ceramic Tube Heat 
Exchanger with Relaxing Joint," Contract EF-77-C-01-2556. 

45. AiResearch Manufacturing Company, "Coal Fired Prototype High 
Temperature Continuous Flow Heat Exchanger," EPRI Report AF-684, 

Project 545-1, February 1978. 

46. AiResearch Manufacturing Company, "High Temperature Ceramic Heat 
Exchanger," EPRI Research Paper 545-2, 1979. 

47. Coombs, M.G., "Development of a Ceramic Heat Exchanger for a 
Closed-Cycle Gas Turbine Engine," ASME Paper 79-GT-59. 

48. Strumpf, H.J., "Conceptual Design of a Pulverized Coal Furnace for a 
Utility Size Closed-Cycle Gas Turbine Power Plant," ASME Paper 
79-GT-158. 

49. Kays, W.M. and London, A.L., Compact Heat Exchangers, McGraw-Hill Book 
Company, New York, 1964. 

50. Mason, J.L., "Heat Transfer in Cross-Flow," Proc. Appl. Mechanics, 2nd 
U.S. National Congress , p. 801, 1959. 

51. Norton, C.L., "The Pebble Heater - A New Heat-Transfer Apparatus," 
Journal of The American Ceramic Society, Vol. 29, No. 7, 11946), pp. 
1'87-I93. 

52. "Oil Shale - A Stateside Answer to Petroleum Shortage", Mi ning 
Engineering, Society of Mining Engineers, Vol. 24, No. 1^,~ October 
19h, pp. 95-98. 

53. Flynn and Emrich Company, Iron Foundry Cupola Recuperative Emission 
Control Demonstration, Design Manual , EPA-650/2-74-004, January 19^4. 

54. Reay, D.A., "A Review of Gas-Gas Heat Recovery Systems," Journal of 
Heat Recovery Systems Vol. 1, No. 1, 1981 pp.3-41. 

55. Sagoo, M.S., "The Development of a Falling Cloud Heat Exchanger - Air 
and Particle Flow and Heat Transfer," Journal of Heat Recovery Systems, 
Vol. 1, No. 2, 1981, pp. 133-138. 

56. Brzozowski, W.S., et. al., "An Open Cycle Power Generation Experiment 
with High Preheat Temperature of Air", Electricity for MHD, 

Proceedings of a Symposium , Salzburg, 4-8 July 1966, pp. 617-628. 


108 


I 


57. Bizozowskl, W.S. et. al., "L' Installation de Conversion MHD de 3MW(th) 
en Cycle Ouvert," Electricity from MHD Proceedings of a Synposium, 
Warsaw, 24-30 July 1968, pp. 2793-2617. 

58. Brzozowski, Wojicech, et. al., "Les Resultats des Premiers Ezperiments 
sur L' Installation MHD-3MW at Swierk," 5th International Conference on 
MHD Electrical Power Generation, Munich 19-23 April 1971, Vol. I., pp. 
151-170. 

t. 

59. Dul, J., "Performance of a Moving Bed Heat Exchanger," Heat Exchangers; 
Design and Theory Sourcebook , N. Afgan and E.V. Schl under, eds, 
bcripta, McGraw-Hill, 1974, pp. 803-815. 

60. Kozlowski T. et. al., "One-Stage Cyclone Combustor for Coal Fired Test 
Stand of 4MW Thermal Power," 18th Symposium on Engineering Aspects of 
MHO, Butte, Montana, June 18-20, 1979. 

61. Brzozowski, W.S., et. al., "Results of the Experiments from the 
^MW,,^ Coal Fire Test Facility." Proceedings of Seventh International 
Conference on MHD Electrical Pow6i* WnefatlOfl, Ma§5acniJ5«l5 IrtStTluTe 
of Technology, Cambridge, Massachusetts, June 16-20, 1980, pp. 79-87. 

62. Dispositif Etanche De Transfert Dose D'un Materiau D'une Premiere Dans 
Une Oeuxieme Enceinte," Demande de Brevet, France, No. EN7032778, 
September 9, 1970. 

63. "Exchangeur De Chaveleur A Deux Enceintes Pour La Preservation De La 
Purete D'un Gaz En Transit," Demande de Brevit, France, No. EN7032779, 
September 9, 1970. 

64. The Engineering Societies Commission on Energy, Inc. "Workshop on 
Critical Coal Conversion Equipment, Huntington, WV - October 1-3, 

1980," DOE-FE-2468-88, January 1981. 

65. Gardner, J. F., et. al . , "Summary Test Report, Rockwell Coal Lock 
Hopper Valve, METC SOA Test Valve No. 16, State-of-the-Art Lock Hopper 
Valve Testing and Development Project", DOE/METC/SP-80/8, July 1980. 

66. Proceeding of the 2nd Symposium on Valves for Coal Conversion and 
Utilization, SymposiixnTeTH OctoFer 15 - 17, 15S0, D0E/MC-1452M, 
January 1981 . 

67. Saari, D.P., Synth, R.R., Marksberry, C.L. and White, L.R., 

"Development of the High Temperature Air Heater for Open Cycle MHD", 
15th Intersociety Energy Conversion Engineering Conference, Seattle, 
Washington, August 18-22, 1980. 

68. FluiDyne Engineering Corporation, "MHD Air Heater Development 
Technology," Final Technical Report, DOE Contract DE-AC01-78ET10814, 
March 1981. 

69. FluiDyne Engineering Corporation, "MHD Air Heater Technology 
Development," Annual ■’’cchnical Progress Report for the Period January 


109 





1, 1980 - December 31, 1980, DOE Contract DE-AC01-80ET15602, March 
1981. 

70. FlulOyne Engineering Corporation, "MHD Air Heater Technology 

Development," Technical Progress Report for the Period January 1, 1981 
- March 31, 1981, DOE Contract DE-AC01-80ET15602, April 1981. 


no 




i 

f 

I 

s 

i 


I 


APPENDIX A 

SPECIFICATIONS FOR MHO OXIDANT INTERMEDIATE 
TEMPERATURE CERAMIC HEATER SYSTEMS 


¥ 


Page intentionally left blank 


APPENDIX A 


SPECIFICATIONS FOR MHO OXIDANT INTERMEDIATE 
TEMPERATURE CERAMIC HEATER SYSTEMS 

A.l Definitions of Heater Systems 

A. 1.1 Fixed Bed, Periodic Flow, Ceramic Brick Regenerative Heater System 

This type of heater system consists of a number of insulated metallic heat ex- 
changer shells containing ceramic bed materials which are alternately heated by 
MHD exhaust gases and cooled by compressed oxidant which is utilized in the MHD 
combustor. The system also includes ducting, insulation, valving, flanges, ex- 
pansion joints, structural supports, foundations and directly related auxiliary 
eguipment. Interconnecting ducting to other components, such as compressors, is 
not included. 

A. 1.2 Ceramic Tube and Shell Recuperative Heater System 

This type of heater system is a stationary, continuous flow ceramic tube and 
shel- heat exchanger in which heat from the MHD exhaust gas is transferred to the 
enriched air via the ceramic tubes. The system also includes headers, insula- 
tion, structural supports, foundations and directly related auxiliary eguipment. 
Interconnecting ducting to other components, such as compressors and combustors, 
is not included. 

A. 1.3 Moving Bed, Continuous Flow, Ceramic Bead Regenerative Heater System 

This type of heater system consists of two chambers (or sets of chambers) con- 
taining ceramic pebbles which are heated by MHD generator exhaust gases in one 
chamber (or set of chambers) and pass to the other chamber (or set of chambers) 

t 

where they heat the compressed oxidant which is utilized in the MHD combustor. 
The system also includes ducting, insulation, valving, pressure seals, pebble 
conveyors, flanges, expansion joints, structural supports, foundations and 
directly related auxiliary eguipment. Interconnecting ducting to other com- 
ponents, such as compressors and combustors, is not included. 
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A. 2 Definition of Open-Cycle MHO Power Plant Conditions 


A. 2.1 Power Plant Configuration and Size 


The MHD power plant utilizes oxygen enriched air which is preheated in the 
intermediate temperature oxidant heater system by exhaust gases from the MHD 
generator as indicated in Figure A-1. The heat flow conditions specified below 
are for a nominal power plant output of 490 Mwe. with 235 Mwe produced by the MHO 
generator and 255 Mwe produced by the steam bottoming plant. 


A. 2. 2 Type of Coal and Seed 


The fuel for the MHD power plant is Montana Rosebud coal dried to five (5) per- 
cent moirture. The combustion gas is seeded with a mixture of 68 percent 
K2SO4 and 32 percent K2CO3. 


A. 2. 3 Cxidant Stream Flow Conditions 


The oxidant stream properties are presented in Table A-I. The flow conditions 


are as follows: 


Flow Rate (kg/sec) 230 
Inlet Temperature (*F) 460 
Exit Temperature (*F) 1600 
Exit Pressure (atm) 6 
Composition (mole O2) 28 


A2.4 MHO Gas Stream Flow Conditions 


The MHD gas stream composition and properties are presented in Tables A-II and 
A-Ill. The flow conditions are as follows: 


Flow Rate (kg/ser) 330 
Inlet Temperature (*F) 1870 
Exit Pressure (atm) 1 


All particulate matter in the MHD gas stream is in solid foirm. 
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Figure A-1 Intermediate Temperature Oxidant Heater 
System Configuration. 
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61 .43*5 

(AO. 

153.33 

23.3453 

1.3635A 

0.2534 

1.3533 

17.5951 

65.2333 
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Of POOR QUALITY 


table A -1 (Cont'd) 


rcorc.<iic; or oxyccm c;;sichl3 air 
noiE rtRCc:ii oxycem = u.ooo pc'ccrii oxyccm t:iRicii:;criT * js 


CAS cc?:ma':t » 


HIPfRATURE 

EMTII.UPY 

«::uTivs 

DEC F 

• TU/l 1 

P1£4!'J!:E 

140. 

151.34 

73.2701 

440. 

141.22 

32.3791 

130. 

141.12 

37.4972 

120. 

171.41 

92.7414 

110. 

171.34 

97.i;;s 

ito. 

144.13 

: 3 1 . 1 7 7 7 

130. 

110.44 

139 .2112 

1000 . 

114.42 


1020 . 

203.31 

121 .iCii 

1010. 

234.14 

127.4149 

mo. 

211.19 

111.4443 

)040. 

213.33 

111.4944 

1100. 

222.14 

1 9.:i37 

1123. 

227.14 

144.4171 

1110. 

242.41 

141.4114 

me. 

243.17 

172. 7;; 7 

1140. 

214.44 

141.4479 

1200 . 

214.94 

193.2191 

1220. 

241.44 

199. 1333 

1210. 

251.74 

239.:‘24 

1240 . 

244.14 

2!9.::44 

1240. 

270.47 

::7.4i4: 

1400 . 

274.01 

:i:.::4i 

1420. 

231.14 

;i4 . 3472 

1410. 

244.91 

242. 5713 

14»0. 

212. 4S 

271.144'. 

1440 . 

217.34 

:;i.7722 

1100. 

40 4 .. '.1 

:99.514« 

K20. 

404. .14 

4:2.4929 

1110. 

411.. 4 

124.4113 

1140. 

111.11 

413 .II 1 I 

1140. 

425.44 

444. c::i 

1400. 

443. 43 

37 :. 3143 

1420. 

144.12 

114. 1*41 

1410. 

111.94 

i;i.7i:2 

1440 . 

417.41 

113.4114 

1440 . 

444.07 

144.1411 

1400 . 

443.44 

144.1777 

1 420 . 

441.21 

171.1244 

1410 . 

441.79 

i«:.2;i: 

1440 . 

474.13 

479. 4924 

1430. 

433.93 

::9.7i;i 

17C0 . 

434.43 

15:. 1491 

1 720 . 

492.23 

4 7 :. 4 * 1 7 

1710 . 

497.32 

494.4:47 

174 0 . 

104.11 

414. 1449 

1 740 . 

139.94 

4 4 7 . S 1 1 4 

1400. 

111.72 

444.43:2 


ElitROPY CP CAMJU 

At 1 A 1.1 STU/(IBHR) 

0..'i10 l.:S7J 

i.s;m o.:s»7 i.jsii 

i :7s;s fl.ciu 

o.rsjo i.isj? 
o.rsts 

i .:*,4SJ i .as: j 

I.A'.CCD 1.J5C2 

o.;»j 5 i.j^si 
a.:s 47 i.jAia 
l.^SC'iS fl.IiH l.iAil 

e.jssA i.i'.ss 

1 . '/57Yi 3.2440 ! . 4AA7 

:.?ll»3 €.2444 1.JAS7 

1.71S.C0 0.2472 1 .JA27 

.Siil 7 3. 2474 1 . JA17 

1 .42! 50 3.2424 J.3407 

l.?2A7l 0.2447 1.4497 


1.92434 

0.2694 

1.4433 

1.1412 9 

0.2703 

1 . 447 9 

1 .14119 

0.2704 

1.4470 

1.91744 

0.2711 

1 . 444 1 

1.913 79 

0.27! 4 

1.3443 

1.91493 

0.2721 

1.4411 

1 .91493 

0.2724 

1.4444 

1 . 9 50 34 

0.2741 

1.4529 

1 . 94434 

0.2744 

1.4421 

1 . 954 :i 

0.2749 

1.4411 

1.94130 

0.2711 

1.4407 

1.94191 

0.2713 

1.5400 

1 .*4134 

0.2742 

I . 4294 

1.94771 

0.2757 

1.4237 

1 . 970 43 

0.2741 

1.4230 

1.17415 

0.2744 

1 . 4271 

1 . 974 21 

0.2:49 

1.1217 

1.9793} 

0.2774 

1.4241 

1 . 141 7 9 

3.2777 

1.4241 

1.93144 

0.2731 

1.4213 

1 .*3 7 21 

9.2734 

1.4212 

1.93991 

0.2749 

1 .4214 

1.99241 

0.2794 

1.4243 

1 .99*24 

0.2797 

1.4221 

1 .99 73 1 

3.2301 

1.4213 

2 . : : : 1 9 

3.:334 

1 . 1214 

2. C 3 4 03 

0 :i;3 

1.423 7 

2. ::444 

0. :;;2 

1 . 42 0 1 

2.: con 

3.2314 

1.4194 

2.01372 

a.. '3 19 

1.4190 

2.01424 

0.2324 

1.4134 


74 MOUci'UR ur s 27 .i;; 9 S 


REIATIVE 

INTERMU 

VOIU.'IE 

CHtRCY. 3 TU /13 

14.3431 

4 9 . 3 1 .9 1 

U . 1 4 . 0 

72.4475 

14.4111 

74.7C12 

11.3741 

30.5114 

11.2310 

31.1144 

14.7194 

45.211; 

14.1344 

92.1793 

12.4723 

94.0305 

12.137/ 

99.1943 

11.7244 

104.9195 

11.2347 

197.3574 

10.3(49 

111.3073 

13.1442 

1:5.77:1 

10.0317 

119.7114 

9.1203 

124.7401 

9.3731 

127.7:74 

9.0111 

141.7451 

3.7214 

145.7441 

3.1203 

149.7475 

8 . ; .2 1 9 

iij.3292 

7.3522 

117.3314 

7.4344 

151 . 1114 

7.3413 

154.0174 

7.0373 

UO.iOOl 

4.3410 

141 . :924 

4.4219 

143.2114 

4.1151 

1 72.10U 

4.2931 

176.5214 

4.0:12 

140.6*22 

3.3211 

131 . 7.09 1 

4.4433 

;;3.9412 

5.1444 

194.C371 

5.2951 

1»7 .2*03 

5.13:4 

2c: .i:;i 

1.9774 

::5.*9:3 

■ .3273 

2:7.7:47 

1.4447 

i'll.:; 01 

*.5i‘ 1 

213 . 1319 

1 -111 

222.4’44 

-.2327 

::4.4;:o 

1.1437 

::: . 2 532 

1.019 4 

245.0724 

4.9219 

2 4 7 . 4 1 ; 1 

4.4129 

:‘i.:424 

4 . 7 ; ; 7 

21/ .3. 72 

1.4021 

:52.:::3 

3.1::/ 

254 . 3 >'.2 

3.1041 

240.4424 
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Oi » Of;r{ QJALITY 


TABLE A-1 (Cont'd) 


rKorcKTtci or oxy;:!i CNSiciira *:s 


flOlE rEr.CLMT 

OXYCCH s 

25.0CO PCIiCEKT 0.XTCE:I 
CAS CON5TAtir ( 0.0(5101* 

CNUCMIEIIT X 32. 
OIU/(IOHO 

7^ nOlCC lAR UT * 2S. 1(915 


•: IT. r 


: :: ic/f 


A 

2-1 a:; v£ 


CCC f 


p?cisu;£ 

At 1 (T71 BTU/(I.3)(R) 


VOUV.E 

ehc';gt.;u!/ls 

U20. 

(20.57 

(£5.0571 

2.01572 

0.2324 

1.3153 

1.1112 

2('i.0l50 

itso. 

(2(.S0 

711. ( ’55 

2.01510 

3.2510 

1.1175 

1.221( 

:60.210( 

)«40. 

(11. (1 

710.5510 

:.3294( 

0.2111 

1.1140 

1.1144 

27 3.5’. 0 3 

U30. 

(17. 1( 

:ii .(1(5 

2.:2i:i 

0.2117 

1 . j 1 6 ( 

1.05:; 

.3142 

MOO. 

(d.0( 

70(.e&(' 

2.025(1 

0.25(0 

i.im 

2.9714 

252.1204 

)t20. 

(((.72 

s:2.(oi'. 

2.02710 

0 .21(( 

1.3154 

2.5012 

254.(593 

M40. 

C(.(l 

551.7110 

2.03127 

0.21(7 

1. 11(1 

2.5175 

200.7741 

mo. 

((0.11 

111 .?;:5 

2.al24( 

0.2157 

1.1K5 

2.7(41 

2 : 5 . 11:3 

MSO. 

((!.S2 

0 ! 2 . U • 7 

2 . : 1 ( 0 0 

3.25*( 

I.IKO 

2.4711 

210. (51( 

2000. 

(71.51 

0(( . (1 70 

2.01732 

0.2357 

l.llll 

2.49(( 

30 3.79 7 ) 

2020. 

(77. 2( 

077.91(4 

2.2i;4l 

C .2140 

1.1110 

2.5350 

303.1500 

2040. 

(62.07 

1010. IIOI 

2.0(103 

0.2111 

1.1124 

2.(717 

312.5105 

2010. 

(51.70 

;:((.o’.2'. 

2.CK21 

9.2647 

1.1121 

2.(114 

31( .57(7 

20(0. 

(0(.(1 

lC10.2i(S 

2.;(4(5 

0.2170 

1.1117 

2.1510 

321.2(05 

2100. 

550. !1 

1114.55(2 

2.fl‘573 

0.2571 

1.1112 

2.2925 

325.j:i( 

2120. 

505.02 

1 1 5 1 . ” ( 2 

2.05007 

0.2576 

1.1105 

2.2355 

333.0127 

2M0. 

ill. (6 

1101 .‘5:2 

2 . 3 ! 1 1 1 

0.2170 

1.113( 

2.1510 

33( .(0 (1 

21(0. 

5!7 .(( 

1211 .2141 

2.055(0 

0.2552 

1.1100 

2.1277 

335.5010 

21(0. 

‘21.21 

1271.(1(1 

2.55/50 

0.2535 

1.1015 

2.0742 

3(3.23(1 

22u0. 

i25.0a 

1112. ;i(5 

2.05177 

0.2515 

1 .1001 

2.3241 

347.4123 

2220. 

• • 7 4 

:i55. C((( 

2.35101 

0.23«l 

1.1957 

1.9775 

352.9253 

22(C. 

:(C.5( 

1105.(141 

2.01(11 

fl.2S0( 

1 .1C51 

:.930( 

l‘( .('.32 

22(0. 

‘((.11 

Idl.Oll? 

2.C4422 

0.2307 

1.3070 

1.55(7 

340.37(5 

22(0. 

‘52.11 

1(15.4550 

:.:6ii5 

0.2300 

1.3975 

! .5(C( 

345.3042 

21U0. 

557.01 

1515.(210 

2.070(4 

0.2092 

1.1371 

1.7071 

341.74(1 

2J20. 

5(1. 7( 

1 5 : 1 . ( 1 2 1 

2.07255 

3.2035 

1 .10 15 

1.7555 

374.1373 

2M0. 

5S0.55 

1(12.(511 

2.07(41 

3.2095 

1.39S( 

1.7159 

375.4145 

23(0. 

575.17 

i::2.;ji7 

2.07471 

0.2010 

1.1040 

1.4754 

3S3.:i:i 

2M0. 

551. :o 

i7i(.i;(i 

2.07S7i 

0.2013 

1.1354 

1.4173 

357.5(01 

2(00. 

157.02 

1 75 7 . I ‘.‘1 

2.05051 

0.2014 

1.1953 

1.4C31 

312.31(0 

2(20. 

502.55 

15(1. 2i:i 

:.5123( 

0.2015 

1.10(0 

1.5430 

304 (5‘0 

2((0. 

505.(0 

1504.4250 

:.C5(S4 

0.2021 

1.30(4 

1.5250 

(00.040( 

2((0. 

(0(.5( 

1151. j((2 

2.11457 

0.2024 

1.33(2 

l.(0(7 

(35. ((00 

2((0. 

(10.10 

25 11.. >14 7 

2. 05557 

0.2024 

1.1310 

1 .((15 

(09.0272 

2SOO. 

(1(.2( 

2 : 7 2 . 5 ; 4 ( 

2.15:55 

0.2020 

1.1011 

1.(202 

( 1 ( . ( 1 3 5 

2520. 

(22.10 

2111.1020 

2.00231 

0.2011 

1 .1012 

1.1070 

■13.01(3 

25(0. 

(27.07 

2 1 0 1 . • 1 : 4 

2.:5(71 

0.20K 

1.1921 

1.1473 

( 2 1 . ( 7 5 5 

25(0. 

(11. 8( 

225 7 .( 1 0 ( 

2.C0i7( 

0.2115 

1.1025 

l.:i77 

‘27. 0 ::; 

25(0. 

(10.71 

2122.5514 

2.00345 

o.:;io 

1.1022 

' loss 

<32. CK 

2(00. 

4(5.50 

2111. 2110 

2.10041 

0.20(1 

I.IOM 

1.2504 

(34.0(75 

2(20. 

(51.(7 

2(57.1:14 

2.10252 

0.20(1 

1 . ; j 1 5 

1.2531 

((1.(475 

2((0. 

(57.11 

2524.0217 

2. 1 0((i 

0.20(4 

I. 3912 

1.2247 

K5.0012 

2((0. 

((].2( 

2505. ::‘5 

2. 10411 

0.20(5 

1.3990 

1.29:7 

(53.5225 

2(00. 

4(0. n 

24 7 1 1 

2. i:i2i 

0.2050 

1.3034 

1.1755 

( 55 .054 ( 

2100. 

(75. ■( 

27(5. :::: 

2.1 i:03 

0.2051 

l.lOCl 

1.1590 

(55.5150 

2720. 

(8C. 07 

2121 .((40 

2.11101 

3.2155 

1 .1033 

1.1273 

(4(.i:i4 

27(0. 

(51.55 

2110.1711 

2.11150 

0.2157 

1 .2107 

1 .1914 

‘43.4:75 

27(0. 

(02.70 

2075.4 7 71) 

2.1154 . 

0.2051 

1.2M( 

1.0560 

(73.2(02 
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TABLE A-1 (Cont’d) 




fROrCRIILS CF OXTCe.M L.'IRlCfCO AIP. 


MOIC PEF.CtHT 

OXYCiH : 

20.000 PEI 

r.CEMT 0 YCC|! CllSICIl.MEN 

T r 22. 

7( 

MCI ECIH AR 

UT = 2/.K; 



CIS 

r : C.5*:; 

'.r. QTV/H'.’.I 

C21 




Ur.PCPATUSE 

EMIHilPY 

?ELATI'. E 

EMIROPY 

CP 

GAMMA 

RClATIVe 

IMTERMH 

DEC F 

aiu/i j 

rSESSL'-'.E 

Af 1 At." 

'.O/nSKR) 


VOlUllE EH£'.CY,;tU/l3 

27(0. 

(7&. 7 1 

5059.(315 

2.117(3 

0.2942 

1.3991 


1.0533 

(77.7974 

2(»C. 

70(.4( 

5!(2.7?5i 

2.11953 

c .:'(( 

1.2989 


1.0572 

(52. 558( 

2I20, 

713.57 

5227 .;;4( 

2 . 1 2 ; ’ 2 

0 2944 

1.29:4 


1.0142 

(64 . 92(5 

2&AC. 

714.53 

5515.6909 

2.1:292 

0.29(3 

I . c To ^ 


0.9957 

(91 .( 9(1 

2((0. 

722. (( 

5(32.2223 

2.12(/l 

3.2970 

1.2980 


0.?757 

(94.0479 

2(&0. 

72J.5S 

5(92.(5C. 

2.12450 

0.2972 

1.2977 


0 . 9542 

5;j.6447 

20C0 . 

7J(. JJ 

5S((.5*.ll 

2.12827 

0.297( 

1.29,5 


0.957 5 

505.2235 

2?20. 

7(3.:: 

54 75 . (-2(7 

2. n;c( 

0.2974 

1.2972 


0 .9187 

5C9.5159 

21A0. 

7(4. 2i 

577(.7l93 

2 15160 

0 .2970 

1.2970 


0 . 9C04 

51( .(3i 7 

20(0. 

752.19 

5o72.4 157 

2. 15 55( 

0 .2'30 

1.2947 


0.3350 

519.0937 

2')C0. 

755.16 

5«72.i(:S 

2.155:2 

0.2«62 

1 .294( 


0.S4SS 

525.5994 

JOOO. 

74(. 12 

(07'..4il9 

2.1 57 3 1 

0...?2( 

1.2942 


0.3(91 

523., 2:21 

>020 . 

770.09 

(176. 63(7 

2.15375 

0.2934 

1.2959 


0.5527 

55:.50?3 

>0(0. 

774.07 

(283.0595 

2.1(C(( 

0.2933 

1.2957 


0.5147 

557.(192 

>0(0. 

782. 0( 

(595.(727 

2.1(215 

0.2990 

1.295( 


0.6011 

5(2.05:9 

>0(0. 

725. OJ 

(53(.:(59 

2. 1(55( 

0.29«2 

1.2952 


0.7359 

5(4.4514 

>ioo. 

79(.01 

<1 6 1 S . / 7 j ^ 

2.1(555 

0.299( 

1.2950 


0.7710 

551.2759 

>120. 

830.03 

(751.7555 

2.1(720 

0.2994 

1.29(7 


0.7565 

555.3954 

>1(0. 

835.99 

<1(9.35(7 

2.1(353 

0.2997 

1.29(5 


0.7(25 

540.5255 

>1(0. 

611.9? 

(945.4423 

2.1535( 

0.2999 

1.29(5 


0.7255 

54 5 . 1 4 1 -7 

>1(0. 

817.99 

5395.(57: 

2.15219 

0.5001 

1 .27(0 


0.7150 

369.7974 

>200 . 

82(.00 

521(.35:3 

2.15525 

0.5005 

1.2958 


0.7013 

57( . ( 5 7 7 

>220. 

653.03 

55(1 .5'i5S 

2. 155(7 

0.5005 

1 .295S 


0.4339 

579.0515 

>2(0. 

854.01 

5(70.7495 

2.15710 

0.5004 

1 .295( 


0 • 6 / 6 i 

£53.7255 

>2(0. 

8(2.35 

54C2. ;SS7 

2.15872 

3.5005 

1.2952 


0.6459 

£38.3739 

>2(0. 

8(8.05 

5754.(425 

2. 1435( 

0.5010 

1.292? 


0.6519 

555 . 0:27 

» 00 . 

S5(.07 

5575.2227 

2.1£19( 

0.5011 

1.2927 


0.4(0 1 

597 .4902 

»20. 

840.09 

4012.5059 

2.1455( 

0.5015 

1.2925 


0.4234 

402.5515 

MA$S FRiCTICMS C2 

0.507(4 M2 3 

.47(37 AR 

0.01151 C02 

0.030(1 

H2Q 

9.3C575 


HOLE FSACTIOliS 02 

0.28300 K2 3 

. 70205 A.R 

0.003(0 C32 

0.00027 

H20 

0.00 953 


COMPOSniON 

OF STREAM 

MIXEO WITH 

AIR TO ATTAI.M ABOVE MIXTURES 




russ FRicricss C 2 

1.00030 S2 0 

.030:0 AR 

0.03033 c;r 

e ? • 2 • ? 

H20 

0.300 00 


HOLE FKACnC 

.S' 02 

1.00300 N2 3 

• 5 G 0 0 0 mK 

0.00303 C22 

0.00303 

H20 

0.000 30 
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TABLE A- II 


TMUKoorKAnie erjiUEnicM rnorMTics at asstcnco 
273®K to 2S00°K Ttr^EAAturE and rRtjsuAe at 1 atm. 


CA^e 


z«« 



















r3L£3 

TKcroY 

STATt Ttr..» 

er<jT!T 


CK*rrc*l 

rOK-ruiA 





CAl/.YOl 


• CIO X 

C/CC 

run 

c 


M 

4.AA319 

M 

0.07J01 

9 o.c:oii 0 o.tieot 

i.eooeoo 

-41731.393 

s 

79A.I3 

9.C :r: 

f 0 • 

IZ 

i.f 

0 

2.«:930 




0.0233:0 

-717393.990 

3 

293.13 

o.c:t5 

» j!1 

a; 

7 . 0^5 

c 

s.eeseo 




o.oenes 

-4;e«.33.?39 

3 

295.15 

e.cc:* 

rjii 

H 

: 4r«ci 

0 

1 .CS009 




0.797100 

-40 U 3 .333 

t 

294 . 1 3 

i.ceco 


N 

: «t : ? » 






1 r 3*9 

1731 .4M 

C 

1144.40 

0.C9C0 

ru!l 

0 

i ::?«• 






4.472339 

t 'a n . ^ 4 1 

C 

1 |4S 40 

0 . eoee 

#i.!l 

1 n 

1 C 3? 4 ) 






0.717209 

4 7 C . 0 9 4 

c 

1144.40 

0.00?) 

r.-u 

c 

j t:::j 

0 

1.09800 




0 . 3 C ‘a 3 C 0 

-04113 . 14 J 

c 

1144.40 

9 e:;9 


H 

fc ^ T ? 2 ? 

0 

\ .e:c80 




0 , 7 S 3 0 0 

-33 1 JC . 109 

c 

1 144 .40 

0 3 


r. 

7 t; 313 

c 

1.0 0 30 

0 

3.0000S 


C . C7AC3 3 

-774:33 %:t 

3 

295.13 

0 0479 

f oil 

K 

: o: 3: s 

% 

X . oeoea 

0 

A. 10009 
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Tables A - II and A - III indicate properties, at chemical equilibrium, for the combustion 
of Montana Rosebud coal dried to 5%, with 80t slag rejection of the combustor, and 5% excess 
oxygen to account for completion of combustion in the radiant furnace. A seed mixture of 
68 * by weight of potassium sulfate (K 2 SO 4 ) and 32% potassium carbonate (K 2 CO 3 ) is injected 
at the combustor which results in 70% £02 removal to meet the 1979 NSPS for Montana Rosebud 
coal. In producing the tables, no allowance was made for ash condensation and removal in 
the radiant furnace. 
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APPENDIX B 

TEMPERATURE RANGE FOR SOLID STATE OF 
PARTICULATE MATTER IN MHO EXHAUST GAS STREAM 


Objective 


The primary objective of the MHD oxidant intermediate temperature ceramic 
heater study is to compare and assess three potential ceramic heater approaches 
for preheating an MHD power plant oxidant to 1600*F by MHO exhaust gas. The 
tetnpe'^ature range is higher than allowable for metallic heaters and lower than 
the fusion temperature of particulate matter in the MHD stream. To design the 
heaters, it is first necessary to establish the temperature range in which the 
entrained particulate matter of a coal-fired MHD exhaust-gas stream would be 
solid. The establishment of this parameter is the objective of this phase of 
the study. 

The particulate matter originates from ash constituents in the coal and 
from the potassium seed injected into the combustor. The plasma is produced by 
burning Montana Rosebud coal with air enriched with oxygen to a level of 28 mole 
percent and seeded with a mixture of potassium carbonate and potassium sulfate. 

Introduction 


Investigation of the solidification (freezing) temperature range of ash and 
seed components covered the following aspects: 

1. Determination of chemical constituents present in the MHO exhaust gas 
in the temperature range of 1600 to 2000’F. 

2. Determination of phase-change temperatures of each constituent. 

3. Determination of particle size distribution. 

4. Determination of the temperature vs. time history of the particles with 
the lowest melting points. 
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5. Evaluation of the results of steps 1 through 4 to determine the MHD 
exhaust gas temperature for which particles are solidified. 

6. Consideration of engineering aspects related to the application of the 
results from step 5, includinq: 

a. operating transients 

b. temperature gradients (e.q., thermal boundary layers) 

c. allowances for uncertainties in desiqn parameters and physical 
data. 

Particulate Matter Characteristics 


The particulate matter originates from the ash constituents in the coal and 
from the injected seed. Throughout the flow path of the exhaust gases from the 
MHD qenerator exit to the stack, there is a very large number of compounds which 
can be formed in the gaseous, liquid and solid states. Of primary interest are 
those compounds which are first formed in the liquid state and solidify as the 
particles are cooled. Table B-1 (ref. B-1) indicates the composition of the ash 
of Montana Rosebud coal expressed in terms of its mineral oxides. Of the com- 
ponents listed in Table B-1, the largest amounts are expected to be Si02 and 
AI2O3. The melting points of these two constituents are 3130 and 3720*F, respec- 
tively (ref. B-2) . The melting point of K2SO4 is reported to be 1956*F (ref. 
B-3). However, SiO^ and AI2O3 are not necessarily found in their pure form. 
For example, potassium or potassium compounds may combine with the liquid 
Si02 and AI2O3 particles, which may lower their melting points. Furthermore, 
there are a number of compounds of potassium which may be formed which have 
melting points much lower than that of K2SO4. Actually, there may be a large 
number of species of complex compounds formed in the combustion and subsequent 
condensation and cooling processes. 

Since there are a large number of possible low melting point compounds, it 
is important to know which would survive under the downstream conditions exper- 
ienced in the MHD gas stream. Because of the lack of extensive experimental 
data under actual MHD power plant conditions, it has been necessary to review 
data from conventional power plant experience as well as existing publications 
of MHD research and development programs. 
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Ash fusion temperatures for many coals have been determined by standard 
ASTM testing procedures. There are four critical temperatures related to ash 
fusibility, defined as follows: 

a) Inital deformation te:nperature, at which the first rounding of the apex 
of the cone occurs. 

b) Softening temperature, at which the cone has fused down to a spherical 
lump in which the height is equal to the width at the base. 

c) Hemispherical temperature, at which the cone has fused down to a 
hemispherical lump at which point the height is one half the width of 
the base. 

d) Fluid temperature, at which the fused mass has spread out in a nearly 
flat layer with a maximum height of one-sixteenth inch. 

Ash fusion temperatures for Montana Rosebud coal, taken from ref. B- 1 , are 
given in Table B-II. 

Many low temperature melting compounds can be identified in the combustion 
of coal. The following discusses three such compounds which are typical of spe- 
cies found in some combustion processes. 

In conventional power plants, iron, in the metallic (Fe), ferrous (FeO) or 
ferric (Fe203) states, has a significant effect upon the ash softening tem- 
perature. Since the iron content of Montana Rosebud coal is only 5 percent (as 
Fe203), the ash fusion temperatures are expected to be substantially higher than 
the melting point of K2SO4. Therefore, attention must be focused on potassium 
compounds. 

Potassium is not present in significant quantities in most solid fuels used 
in conventional pow»r plants compared to sodium, an element with characteristics 
similar to those of potassium. One of the primary causes of corrosion in con- 
ventional power plants has been found (ref. B- 4 ) to be the presence of alkali 
iron trisulfates, tvpically Na3Fe (504)3. ^^®5e trisulfates are molten at tern- 
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peratures as low as 650 to 750*F. However, the trisulfates are not found at 
temperatures above 1250*F and would not present a problem for a heat exchanger 
operating at a higher gas temperature range. As the temperature in the heater 
may likely drop below 1250*F at the low temperature end of the heater, the 
potential effects should be considered in future investigations. 

Experiments have been conducted in MHO RiO programs to investigate corro- 
sion due to seed deposits (ref. B-3). It has been found that, in the presence 
of SO3. a melt was formed containing KpS^O; in K2SO4 in the temperature range 
764 to 935-F. However, the formation of KjS^O; requires a large concentration 
of SO3. The equilibrium concentration of SO3 depends upon the temperatures and 
upon the concentrations of SO? and 03. The formation of SO3 is too slow to 
allow it to reach but a small fraction of its equilibrium concentration in the 
gas stream. The reason 'or the formation of the K2S2O7-K2SO4 melt on surface 
deposits is that there is s-fficient time to approach chemical equilibrium. For 
particles in the gas stream under conditions expected in the MHO power plant, 
the formation of a K2S2O7-K2SO4 melt is expected to be negligible. 

In the examples cited in the preceding paragraphs several compounds are 
indicated whose melting points are higher than that of K2SO4 and several whose 
meUing points are below that of K2SO4. However, the compounds with melting 
points lower than that of K2SO4 do not appear to play a role in determining the 
phase state of particles in the regions where the gas temperature is above 
1250 F. The compound K2CO3 has a melting point below that of K2SO4, but 
according to the specifications presented in Appendix A (Tables A-Il, A-III), 
the equilibrium composition of the gas stream does not contain an appreciable 
amount of K2CO3. Therefore, K2SO4 is identified as the compound which would 
determine the temperature at which the particles would essentially be solid 
because it has a substantially lower melting point than the other gas stream 
constituents listed in Table A-II and A-lII. 


Heat Transfer Model and Analysis 

A heat transfe- model has been developed to estimate the difference between 
the meltinq point of the particle substance and the gas temperature surroundinq 
the particle at the instant at which the particle becomes completely solid. The 
model is described in Appendix C and the results are plotted in Figures C-2 and 
C-3. Figure C-3 is a plot of the dimensionless parameter 

Nr ■ Cp 

where Cp is the specific heat capacity of the particle material, Hf is its 
latent heat of fusion and ^T* is the difference between the melting point 
temperature and the temperature of the surrounding gas at the instant of 
complete solidification. This parameter is plotted against the dimensionless 
parameter 

^ V 6NukqHf 


where D is the particle diameter, Nu is the Nusselt number for convective 
heat transfer, kg is the thermal conductivity of the gas, p is the particle 
density and G is the rate of change of the temperature of the gas surrounding 
the particle. The rate of change is enual to the product of the gas velocity 
and the temperature gradient in the direction of the flow. 

Figure C-2 is a plot of the temperature difference P^'^Tide 

diameter for particles of potassium sulfate for a family of values of the para- 
meter fi. According to reference B-5, the particle diameters are predicted to 
be less than 15 microns. For a gas stream with a vel ity of 30 ft/sec in which 
the temperature is decreasing at a constant rate of 15 degrees pe. foot, this 

corresponds to a value of ^T* of 15*F. This means that the potassium sulfate 
particles wuh diameters less than 15 microns would be solidified to the core by 
the time the gas stream has reached a temperature which is 15*F below the 

melting point. The resultant gas temperature is therefore predicted to be 
1941*F. 
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Although much of the MHD research literature reports measured or calculated 
particle diameters of or less, others (ref. B- 6 ) show particle sizes as 

high as 90^m in diameter. Although these particles are not specifically iden- 
tified as K 2 SO 4 , it is seen from Figure C-2 in Appendix C, that the ^T* for 
potassium sulfate particles with diameters of 90 m would be 85*F for 30 ft/sec 
gas velocity and 15*F/ft temperature gradient. This corresponds to a gas tem- 
perature of 1871*F. 

Heat Exchanger Design Considerations 

Pv means cf the preceding heat transfer analysis a gas temperature for par- 
ticli ilidif ication can be estimated, based upon values assumed for gas velo- 
city, tempC'vature gradient in the flow direction, particle size distribution and 
the physical properties of the particle substance and the gas. Although conser- 
vative assumptions were made in the development of the heat transfer model (e.g. 
Nu = 2), uncertainty remains in estimates of the particle size distribution and 
substantial deviations in particle size from the predicted distribution may have 
a large effect on the predicted gas temperature for particle solidification. On 
the other hand, a particle with a solid shell and a molten core may be equiva- 
lent to a solid particle in terms of its behavior in relation to the surfaces of 
a ceramic heat exchanger. 

Practically, several factors related to the operation of the MHD power 
plant must be considered in developing a practical heat exchanger design. Among 
these are: 

1. Transients in operating conditions 

a. Variations in ^T* due to variations in the parameters which 
affect 

b. Variations in the gas temperature at the entrance to the heat 
exchanger. 

c. Capability of heat exchanger surfaces to withstand liguid particles 
for brief pe lods. 
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2. Deviations in actoal conditions doi-<nd steady st^a^ t (librium. 

ditions „p„bictabie chemical compound for- 

.ppersaturation .ecomnendations are bein, made on 

mation. Although y ^5 probable that non- 

the basis of equilibrium conditions, it 

equilibrium compositions exist in fact. 

riioc ftPffloerature gradients perpendicular 
3. Non-uniform temperature profiles (temperature 

to tne flow direction) . 

i,. tn thp oas stream in the vicinity 
a. Effect of addition of secondar, air to the (, 

..hich condensation and solidification of KeSO, occur. 

.■ (t is oroiected that the intermediate air 

Based on these consideration , ^ temperature In the ranqe of 

beater «uld be desiqned for a maxim^^pas ^ 

1B70-F - 1940-F. to alio, for transient and other 

of safety and conservatism that 

unpredictable conditions that may be encountere . 
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APPENDIX C 

SIMPLIFIED mathematical MODEL 
OF PARTICLE SOLIDIFICATION IN AN MHD GAS STREAM 


A model is developed which presents a relationship between the MHD gas tem- 
perature, at the point at which freezing of an entrained liquid particle is 
complete, and the physical and thermodynamic characteristics and the temperature 
history of the particle and the gas. The model is applied to potassium sulfate 
and the results are used in arriving at the acceptable temperature range of the 
MHO gas stream for designing the intermediate temperature ceramic heaters. 

The following assumptions are made: 

1. particles are spherical and of pure composition (e.g., chemically pure 
K2SO4) 

2. particle has a high thermal conductivity such that heat transfer from 
the particle is controlled by convection from its surface, and there- 
fore the temperature is constant throughout the particle material 

3. heat transfer from the particle by radiation is not significant 

4. the particle moves with the same average velocity and direction as the 
gas 

5. there is no condensation of vapor onto the particle during solidifica- 
tion 

6. the temperature of the MHD gas decreases linearly with distance and the 
velocity of the gas is constant during solidification. 
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From the last assumption, the gas temperature Tg as a function of distance x 
i s 


“ Tgi ■ CX 

where Tgi is taken at the point at which fusion of the particle commences (time 
t = 0). Since the velocity v is constant, 

X = vt 

^g " ^gi “ (eg. C-’) 


dT 

where G = cv = - 

dt 

The gas temperature is plotted in Figure C-1 along with the temperature of the 
particle Tp as it passes through the melting point T^ip (from t = 0 to t = 
t*). The temperature difference Tp - Tg during solidification is given by 

A l^ = Tp - Tg = Tnip - Tg-j + Gt 

At = ATi + Gt (eq. C-2) 

The initial temperature difference ATi can be related to the system para- 
meters by a heat balance of the particle prior to reaching the melting point. 
The rate of heat transfer from the particle as it cools is 

q = hA (Tp - Tg) 

which must equal 
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. - fl 




dT 

q * mcp p 

dt 


Rearranging and using eq. C-1 for Tg, 


dT 



dt mcp 


(^p ■ ^gi 


or, 


d 

3T 



Tgi) + 


^ (Tp 

mcp 


- 


-hAfi ^ 

mCp 


which has the solution, 



-Gt 


me G 

P 

hA 


(1 


-(hAt/mCp) 


If the particle has existed under these conditions for a relatively long time, 
the transient term drops out of the above equaticn. leaving. 


me G 

^p ■ ^qi Gt = P 
hA 



me G 
P 


hA 
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which at time t * 0 is 


^T,. Then eq. C-2 becomes. 


me G 

A t = p + Gt 
hA 

A heat balance during solidification of the particle gives 


(eg. C-3) 


Q = mHf 


hA A'l'dt 


where Hf is the heat of fusion of the pure substance. Substituting for 
At gives 


mHf = hA 


. me G 


/ (^- ) 


mHf = mCpGt* + hAG(t*l 
2 

Solvipo the quadratic equation for t* and using the particle diameter 0 and 
density p , 


_nc D ^ 

t* = H p ^ //'' D y + ^_L 

fth ' fih ' IhG 


The convective heat transfer coefficient h for spherical particles -poving with 
a gas stream can be characterized by Nusselt number = 2. which is the lower 


r 


limit of heat transfer, approaching pure conduction (See note C-1). A value of 
Nu= 3 has also been used for particles in an MHO combustor environment (See note 
C-2). However, Nu=2 is the more conservative value for the purposes of this 
investigation since a lower heat transfer rate will result in a longer solidifi- 
cation time. Then, 



(eg. C-4) 


The following values for K 7 SO 4 in MHO gas were used: 

P (K 2 SO 4 ) = 166 lbm/ft3 (See note C-3) 

Cp (K 2 SO 4 ) = n.2D Btu/lbm-*F (See note C-4) 

Hf (K 2 SO 4 ) = 83.7 Btu/lbm (See note C-S) 
kg (MHO gas = 0.043 Btu/hr-ft-’F (See note C- 6 ) 

Substitution in eg. C-4 yields 


t* ---1610 0 ? ^ 

<n2 




2 ? 

,S 8 xlO^ o'* sec + 1.35x10^ IL 

<n4 0 in^ 


-) 


1/2 (eg. C-5) 


The final tenperatare differences At* are calculated fro. enuation C-? »ith 
t = f and are plotted in Fiqore C-2 for various values of 0 and G. The 
range of particle diameters expected .as obtained from Argonne National 
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Laboratory particle growth model in an MHO channel (See note C-7). The values 
of the gas temperature-time gradient were taken from reference C-8. 


An expression for spherical particle can be obtained by combining 

equations C-2 and C-4. By rearranging terms, two dimensionless groups are 

obtained, as follows 


(dimensionless diameter) 


6Nuk H 


2 

CpG 


(^) 


(dimensionless temperature 
di rf erence) 


The relationship between Np and Ny is. 


Ny = (Nq^ + 2Nd2)1/2 


and is plotted in Figure C-3, 
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Notes and References for Appendix C 


C-1. a) T.W. Hastings and A.F. Sarofin, “Char Gasification and Ash Volatizatlon 
In Single-Stage ana Two-Staqe Coal-Fired MUD Combustors" In S^enth 
International Conference on MHO Electrical Power Generation, Vol. II, 
p. 473. Nu « 2 was used for spherical particles 10 urn < 0 < 15o jm. 
b) Zenz and Othmer, Fluidization an-j Fluid Particle Systems , pp. 421-423. 
Derivation of Nu « 2 pure conduction. 

C-2. Heywood and Womack, Open Cycle MHO Power Generation , p. 648. 

C-3. Perry, Engineering Manual , 3rd ed., p. 3-10. Density for solid K 2 SO 4 Is 
used for both liquid and solid phases. 

C-4. Heywood and Womack, Ibid., p. 648. 

C-5. Perry, ibid., p. 3-10. 

C- 6 . Babcock and Wilcox, Steam/ Its Generation and Use . 39th ed., p. 4-4. 
Thermal conductivity of flue qas from coal at 2000*F. 

C-7. K. Im and P. Chung, "Nucleatlon and Evolution of Slag Droplets in Coal 
Combustion," in Argonne National Labor atory/MHD-78-3, MHD Balance of Plant 
Technology Report, First Quarterly Report , p. 21. 

C- 8 . Avco Everett Research Laboratory, Inc., Engineering Test Fad 1 ity 
Conceptual Design , Final Report, Part 2, June 1978, pp. 535-537 and fig. 
2-140. Cooling rates were calculated from data presented and correspond 
to location as follows: 

?35*F/sec - air heater furnace 
400*F/sec - radiant boiler 

500*F/sec - seed recovery furnace (superheater ) 


150 


PRECEOINQ PA3E BLANK NOT FILMED 





t 


APPENDIX D 

COST ESTIMATE FOR FIXED BED 
REGENERATIVE HEATER SYSTEM 


4 


i 

























































TOTALS 

($ 000 ) 


4229 
































































COST ESTIMATE 

Fon 


f . O 

-1 j 




ITOn FIXED-BED 


REGENERATIVE HEATER 


PROJECT TITLE « CONCEPTUAL DESIGN OF ITCH 

FOR OPEN-CYCLE MHD POWER PLANT 
FLUIDYNE JOB NO. i 1296 


SHEET 5 O F ^ 

DATE I Jvly 1981 


-3 

m 




SHEET 

HO. 

DESCRIPTION 

Q'TY. 

WEIGHT 

UNIT OF 
MEASURE 

UNIT 

PRICE 

TOTALS 

($000) 


MliD Gds In Duct 


Pounds 

Each 





steel ..’SOO LBM/FT^ v-51.50 FT^ 







Mot* 1 

1 

25750 

.355/:.B 

9015 

9 


;.obor 

1 


1.25S/U1 

32190 

32 


Insulition Material 







KS-4 |)=lil LUM/FT^ V-515 FT^ 

1 

62315 


17450 

1< 


C.r.t iM- 20 1 «36 LT'.K/FT^ v«721 FT^ 

1 


.OOS/Lbtl 

15575 

16 


rolriiiM Si 1 irate 0»4G I.bM/FT^ V“103 FT^ 

1 

47/.0 


4975 

5 


I r.* 'j 1 ♦ ion I no . 1 1 1 -i t icri 



■■■ 





1 


26.0n$/FT-' 

13 390 

13 

— 

r. ".t. Me 20 

1 



18750 

19 

Silicate 

1 


BBHSI 

2345 

2 



















































113761 


113 







































COST ESTIMATE 
FOR 

ITOH FIXKD-BED 
REGENERATIVE HEATER 


PROJECT TITLE! CONCEPTUAL DESIGN OF I'fOH 

FOR OPEN-CYCLE flHD POWER PLANT 

FLUIDYNE JOB NO. l 1296 


SHEET 6 O F 21 
DATE! July 1981 


O o 

■ ) 


' ' -J 
- rs 
; o 

r~ r' 


SHEET 

HO. 

DESCRIPTION 

QTY. 

V/EICIIT 

UNIT OF 
MEASUPX 

UNIT 

PRICE 

TOTALS 

($000) 


Ccntr-»J Collector-MHD Gas In 


Pounds 

Each 





steel ii»500 LBM/FtI v-505.60 FT^ 







Hat' 1 

1 

252BOO 

.35$/LBK 

B8480 

B8 


Labor 

1 



316000 

316 


I.-i'.ulaLion Katerial 







K.S-4 0-121 LBM/FtI v-1011 FT^ 

1 

122331 


34255 

34 


Castable 20 0^36 LBM/FT^ v»1416. FtI 

, 

IRSI^IIi 



— 


ralriiun S'lic.ite P-46 LUM/FT^ v-202. FT^ 

1 


1.05S/UJM 

9755 

■fgi 


Insulation Instal lation 





mS 



1 


26.00S/FT- 

26286 

26 


Ca*' table 20 

1 


26.00S/FT^ 

36816 

37 


Cain lira Ciiicate 

1 


22.75S/Ft’ 

4600 

5 



















































1 








■ I 


435399 


547 



































COST ESTIMATE 
FOR 

ITOII FIXKD-BED 
REGENERATIVE HEATER 

PROJECT TITLE: 

FLU I DYNE JOB NO. i 


CONCEPTUAL DESIGN OF ITOH 
FOR OPEN-CYCLE MHO POWER PIJVNT 

1296 


SHEET 7 OF 21 


DATE: 1981 



ORiGIMAL PAGE IS 
G' POOR QUALITY 

































PROJECT TITLE I 


FLUIDYNE JOB NO. I 


ITOH FIXF.P-BED 
REGENERATIVE HEATER 

CONCEPTUAL DESIGN OF ITOH 
FOR OPEN-CYCLE MHO POWER PIJkNT 

1296 


SHEET 8 or 21 


O 

£Z ^ 


OATEt July 1981 





































COST ESTIMATE 
FOR 


PROJECT TITLE! 
FLUIDYNE JOB NO. I 


ITOH FIXED-nEO 
RTCrHERATIVE HEATER 

CONCEPTUAL DESIGN OF ITOH 
FOR OPEN-CYCLE MHO POWEH PIANT 

1296 



107635 



































COST ESTIMATg 
FOR 



ITOII FIXED-DED 
RZr.gNERATlVE HEATER 

PROJECT TITLE t CONCEPTUAL DESIGN OF ITOII 

FOR OPEN-CYCLE MHO POWER PUVNT 

FLUIOYNE JOB NO. i 1296 


SHEET 

NO. 

DESCRIPTION 

QTY. 


C'.ntrsl-CQllcctor-MHO Cas Out 



Steel O--500 'XM/FtI v-456.51 F 

-3 


Mat* 1 

1 



1 


Insulation Material 



K3-4 .i «121 I,B«/Ft 1 v-911 FT^ 

1 


r.istah’e 30 1.-36 LBM/FtI V-730 FtI 

1 


Calciun Silicate li »<16 i.BM/r“l v»103 FtI 

1 


Insulation Ir.sto 1 lition 



FS-4 

1 


Cantahlt: 20 

1 



1 























L 


I 


SHEET 10 O F 2^ 

DATE I July 1981 




*0 r,-' 




VfEIGHT 

UNIT OF 
MEASURE 

UNIT 

PRICE 

TOTALS 

(SOOO) 


Pour js 
Eacn 










328255 


79800 

80 



1.25S/UiF 

2U5320 

285 







110473 


HRRH 

31 


262ao 

.60S/I.UF 

15770 

16 


841H 

i.0S$/ui: 

8H40 

9 









>3740 

24 



76.0051 t1 

iBoeo 

19 




4165 

4 



























To to 1 
Pounds 





373426 



468 


















COST ESTIMATE 

ron 






ITOH riXED-DED 


REGENERATIVE HEATER 


PROJECT TITLE I 


CONCEPTUAL DESIGN OP iTOH 
rOR OPEN-CYCLE MHD POWER ' 


aNT 


FLUIDYNE JOB NO. l 1296 


SHEET 11 o r 21 
DATEi 19*1 




































COST ESTIMATE 
FOR 




■ "j 
C .5 

^ J 

^ r~ 


ITOII riXEfVDED 




O *u 


REGCNEfViTIVE IIFATER 




c: i-* 
Cl 

C 

—I _ 

PHOJECT TITLE 1 

CONCEPTUAL DESIGN Or ITOH 
FOR OPEN-CYCLE MHn POWER PIJkNT 

SHEET 

12 

OF 21 




*< CO 

FLU I DYNE JOB NO. i 

1296 

DATEi 

July 1981 































SI 






























CR!C!N/'.L PAGE IS 
OF POOR QUALITY 



























































































I 

) 

''! 

COST ESTIMATE 
FOR 

ITOII riXKD-DED 
REGEN ERATIVE HEATER 

PROJECT TITLE! 

FLUIDYNE JOE NO. I 


CONCEPTUAL DESIGN OF ITOH SHEET 17 O P 21^ 

FOR OPEN-CYCLE MHD POWER PLANT 

1296 DATEt 1981 



page is 

OF P03i^ Q’ *'''' ITY 










































































ORIGINAL PAGE IS 
OF POOR QUALITY 






























COST ESTIMATE 


ITOM FIXED-DED 


o o 


REGENEFATIVE HEATER 


PROJECT TITLE I 


CONCEPTUAL DESIGN OF ITOH 
FOR OPEN-CYCLE fwn POWER PLANT 


SHEET 20 OP 21 


FLUIDYNE JOB NO. I 1?96 





























SHEET 21 or 21 


DATE: July 1981 


ORIGINAL PAGE IS 
>F P0G.7 QUALITY 

















PfSCEDINQ PAGE BLANK NOT HLMED 


APPENDIX E 


COST ESTIMATE FOR CERAMIC 
RECUPERATIVE HEATER SYSTEM 


Ef" 


COST ESTIMATE 
FOR 


ITOH CERAMIC 
RECUPERATIVE HEATER 


PROJECT TITLE I 



V»t jV.itJlilO 























































V 


1 

1 

1 

COST E.-^TIHATE 
FOR 

ITOH CERAMIC 
RECUrtRATIVE HEATER 


PROJECT TITLEl CONCEPTUAL DESIGN OF IT0!I SHEET 3 O. _ 

FOR OPEN-CYCLE MHO PCA^EP PIANT 

FLUIDYNE JOB NO. I 1296 DATE f^^^y 


r 

SHEET 

NO. 

DESCRIPTION 

QTY. 

V/EIGIIT 

UNIT or 
MEASURE 

UNIT 

PRICE 

TOTALS 

($000) 


Pi-cu-'i. I o toe jlivll (20 Units) 







Steel Ibs/ft^ 







A-9.9f>0 ft2 







V- HI ft^ 13/0 W.Ul) 







Hjt • 1 

1 

171 , 100 

S .35/lb 

59,930 

60 


I. ilor 

1 


1.25/lb 

213,000 

214 


In‘v;l It ion Hjterul 







► C-4 o=-121 Ib/ft^ 

1 

251,100 

.28/lb 

70,300 

71 


’rt . -.lA Ih/ft^ 

1 

104,60(3 

.60/lb 

62,700 

63 


Silicate |'■4G Ib/ft^ 

1 

19, 100 

1.05/lb 

20,000 

20 


I n* » % 1 1 ;it i nn 







KS-4 V--2.07S ft^ 

1 


26.00/ft 

51,9'0 

54 


C . .1 1. 20 V=2.«0t) 

1 



TS.SIO 

70 


Ctltiur ttlicate V-*4iS ft^ 

1 


22.75/ft 

9,441 

10 
































545,900 



568 


ORIGINAL PAGE IS 
OF POOR QU''.LITY 














COST ESTIMATE 



o o 

^ 37 


roR 

ITOH CERAMIC 



-0 

c , 
O 


RECUPERATIVE HEATER 



•7*. * 





O -3 

PROJECT TITLE 1 

CONCEPTUAL DESIGN Or TTOII 
rOR OPEN-CYCLE MHO POWER PIANT 

SHEET 4 

or 16 

> 




FLUIOYNE JOD NO. 1 

1296 

DATElf^i£y_ 

1981 

■< 1 





























vtiL'.AL PAGE 
Oh hOQix QUmLII 

























COST ESTIMATE 



O “ 


FOR 





ITOH CERAMIC 





RECUrERATIVE HEATER 



. ' 






PROJECT TITLE 1 

CONCEPTUAL DESIGN OF ITOH 

SHEET 6 

OF 16 

1 


FOR OPEN-CYCLE flHD POWER PlJiMT 



r- ^ 

FLUIDYNE JOB NO. I 

1296 

DATE! July 

19B1 

H _ 
-< c 


DESCRIPTION 


ID Gas In Manifold 3/H Wa 


A=3J,69S 


UNIT OF UNIT TOTALS 

QTY. »TEIGHT MEASURE PRICE (5000) 


T..lJjO 


ln*;uK\tiQn 


237.937 230 



















COST ESTIMATE 
FOR 



ITOH CERAMIC 
RECUPERATIVE HEATER 


PROJECT TITLE I 


FLUIDYNE JOB NO. i 


CONCEPTUAL DESIGN OF ITOII 
FOR OPEN-CYCLE MHD POWER PIANT 

1296 


SHEET 7 o r 16 


DATEi'^“^y 1981 




















COST ESTIMATE 


2 ^ 

^ :o 

"r o 


ITOH CERAMIC 
RECUPERATIVE HEATER 


PROJECT TITLE I 


CONCEPTUAL DESIGN OF ITOH 
FOR OPEN-CYCLE MHO POWER PIAMT 


FLUIOYNE JOB NO. l 1296 


SHEET 8 or 16 


DATE I 1981 





































































COST ESTIMATE 
FOR 

ITOH CEFAMIC 
RECUPERATIVE HEATER 

PROJECT TITLE I CONCEPTUAL DESIGN OF ITOII SHEET 11 O F 

FOR OPEN-CYCLE MHO POWER PIJVMT 



OF POOR QUALITY 














COST ESTIMATE 
FOB 

iron CEBAMIC 
RECUPERATIVE HEATER 


PROJECT TITLE I CONCEPTUAL DESIGN OP ITOM SHEET 12 Q f 

FOR OPEN-CYCLE flHO POWER PIANT 

FLUIDYNE JOB NO. I 1296 DATE| J**^Y 


SHEET 



WEIGHT 

UNIT OF 

UNIT 

TOTALS 

NO. 

DESCRIPTION 

OTY. 

MEASURE 

PRICE 

($000) 




























OR‘?ryf,L PAGE IS 








































r- POOR QUAl 


































COST ESTIMATE 


FOR 

ITOH CER/^MIC 
RECUPERATIVE HEATER 


PROJECT TITLE I CONCEPTUAL DESIGN OF ITOH SHEET 16 O F 

FOR OPEN-CYCLE flHD POWER PIANT 

PLUIDYNE JOB NO. l 1296 PATE| J^^y 1981 


SHEET 



1 

UNIT OF 

UNIT 

TOTALS 

NO. 

DESCRIPTION 

OTY. 

WEIGHT 

MEASURE 

PRICE 

($000) 










CR:Cii\A'. page is 
OF POOR QUALITY 


). NK<p>««rt C«ui«t N*. 


ft. fttasM Otit 

September 1981 


ft. OfitniKiian Cam 

778 - 11-05 


t. Oftmitlian Rtpol N«. 


10 Work Un>l Ma. 


tl. C*M(tKl •> Com N*. 

DEN 3-107 


11. Tyat •• Hfpen t<\« Nnmi Cavt'M 

Contractor Report 


14. Spomennt Aft^cr Report No. 

DOE/NASA/0107-^ 


I *•••>1 N« 1 Ga»t«wm« m Accatian K«. 

NASA CR-165453 


4 Till* §k4 

MHD Oxidant Intermediate Temperature 
Cereunic Heater Study 


}. AMikmltl 

A.w. Carlson and I.L. Chait, Burns and Roe 
D.P. Saari and C.L. Marksberrv. FluiDvne 


i. Namt 

Burns and Roe, Inc. 

185 Crossways Park Drive 
Woodbury, New York 11797 


II. Spamerinf Afttrc^ N.-m tn« AoCfrtt 

U.S. Department of Energy 
Office of Magnetohydrodynamics 


Ml] 


ift. tuppumamM* Nein Final report preparedunder interagency- Agreement 
DE-AI01-77ET10769. Project Manager, Henri Rigo and Task 
Engineer, Paul Penko, I’KD-STF Systems Office, NASA-Lev/is 
Research Center. Cleveland. Ohio 44335 


1ft. Almr*ci 

This report presents the results of an investigation into 
the use of three types of directly-fired cerzunic heaters for 
preheating oxygen-enriched air to an intermediate temperature 
of 1144K (1600 F) . The three types of ceramic heaters are: a) 

a fixed-bed, periodic flow ceramic brick regenerative heater, 
b) a ceramic tube and shell recuperative heater, and c) a movin 
bed ceramic pebble regenerative heater. Conceptual designs and 
cost estimates for heater types (a) and (b) and an engineering 
assessment of heater type (c) eure presented for conditions in 
which the particulate matter in the MHD exhaust gas is in the 
dry powder state. A qualitative evaluation of the heater de- 
sign, performance and operating characteristics under condition* 
in which the particulate matter is not solidified is also pre- 
sented. The report also includes a comparison and overall 
evaluation of the three types of ceram.ic heaters and presents 
the results of an investigation to determine the temperature 
rang? at which the particulate matter in the 14HD exhaust gas is 
estimated to be a dry powder. 
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combustor, vwuld be required if liquid particulate matter enters the tube 
bundle. If a radiant section were added to cool the MHD gas upstream of the 
tube bundle, provision for removal of at least some seed material in this sec- 
tion would be required. If recirculation of the MHD gas were used, the 
necessary valves, mixers, and controllers would also be required. 

Due to the added complexity of the system, and the increased likelihood of ceram- 
ic tube failure if spinel tubes were used, maintenance requirements would be ex- 
pected to increase. 

5.2.3 Moving Bed Regenerative Heater 

The meandering or labyrinth type flow path required of the MHD gas in this case 
will certainly result in accumulation of seed material on the moving pebbles. 
In view of the difficulty envisioned in promoting proper pebble movement even 
without the added complexity of accumulation of seed material, this additional 
factor poses a serious concern as to the technical feasibility of using a moving 
pebble bed heater in this case. However, the fact that all of the pebbles are 
physically removed from the heater vessels and are thus accessible for con- 
tinuous cleaning may mitigate this concern and make the moving pebble bed viable 
in the liquid particulate case. 

The various aspects involved in adapting the moving pebble bed heater to the 
liquid particulate case are discussed in the following. 

Materials 

Magnesia alunina spinel pebbles and spinel castable materials or bricks for duct 
liners, vessels and lock hopper valve linings, and other components of the 
heater system should be acceptable for use to prevent corrosion from potassium 
compounds. Sufficient strength and abrasion resistance should be achievable but 
the cost of these materials will be higher than materials which would be satis- 
factory in the absence of liquid particulate. 
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